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Summary of the Project

The research objectives are:

1. To develop and study modelocked lasers as sources for fast optical
signal processing.

2. To assess all aspects of picosecond optoelectronic devices based on
transient photoconductivity effect as signal processors.

Within these general and broad objectives, we have undertaken the following

areas of research tasks:

1. Measure the time evolution of the active media in a modelocked laser to
understand the fundamental pulse generation mechanism.

2. Develop compact, high-power sources of short pulses using semiconductor

laser diode arrays and neodvmium:phosphate glass for signal processing.

3. Generate electric pulses which are in complete synchronization with the

optical pulses both in pulsed and cw modes.

The progress to date is summarized as follows:
1. Experimental confirmation has been made of the pulse formation
mechanism in a laser modelocked by a slow saturable absorber as pro-

posed by New and Haus.

\ 2. We have shown analytically and experimentally that the degree of
coherence is the same in a diode laser whether modelocked or single-
mode at the same power.

3. The continuously operating phosphate Nd:glass laser has been modelocked
for the first time ever to generate 7 ps pulses. We have also success-

| fully amplified these pulses to 5 uJ/pulse at 500 Hz rate.
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4. A new optoelectronic cw microwave source up to 20 GHz which can be
completely phase-controlled by picosecond optical pulses has been
demonstrated.

5. Two composite picosecond photoconductors, GaAs on SOS (silicon-on-
sapphire) and InGaAs, have been developed in collaboration with MIT
Lincoln Lab.

6. GaAs picosecond switches have been used as analog-to-digital converter
with over 30 db dynamic range achieved.

7. Pulsed RF signals down to one cycle have been optically generated,

8. A diode laser array has been injection-locked with a single diode
laser. Modelocking of the array by injection locking to generate high
power picosecond pulses is expected shortly.

9. A diamond optoelectronic switch has been fabricated which can be acti-
vated by a simple, low-energy nitrogen laser.

Since most of the results have been published in scientific journals, we
shall describe each project very briefly on the following pages. The list of
publications for each project is included as part of the project description
while the reprints and/or preprints of the published works are enclosed as

appendices which should be regarded as an integral part of this final technical

report.
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i
* l. The Coherence Property of a Modelocked Laser.
W
}1 A coherence property of a modelocked laser was predicted and experimentally
\5
h 5 verified. A modelocked laser's coherence is not degraded despite its broad
Ko
o
f bandwidth; in fact, at the same average power, a laser has exactly the same
1.8%
U
2 degree of coherence whether operating single-mode or modelocked. This is an
"
a. extension of the Schawlow-Townes formula to a multimode case. For the semi-
'
&
conductor laser used in the experiment, the electric fields of over 1,000 pulses
" M
v were correlated.
;: Publications:
B W,
) 1. P.-T. Ho, "Amplitudes and Phase Fluctuations in a Modelocked Laser,"
)‘- -
‘:1 IEEE J. Quan. Elec., QE-21, 1806 (1985) (Appendix 1).
jc 2. D. W. Rush, G. L. Burdge and P.-T. Ho, “"The Linewidth of a Modelocked
A
s
{ Semiconductor Laser Caused by Spontaneous Emission: Experimental
i- Comparison to Single-Mode Operation,” IEEE J. Quan. Elec., QE-22, 20RE
e
{: (1986) (Appendix 2).
' 3. D. W. Rush, P.-T. Ho, G. L. Burdge, "The Linewidth of a Modelocked
-
)
23 Semiconductor Laser Caused by Spontaneous Emission: Experimental
*
&
i Comparison with Single Mode Operation,” 10th IFEE International Semi-
Ly
conductor Laser Conference, 0Oct. 14-17, 1986, Kanazawa, Japan.
<,
J.:
L)
<. 2. Pulse Formation Dynamics in a Dve Laser Modelocked bv a Slow Saturable
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Absorber,

Experimental data have been obtained which support the pulse formation
mechanisr in a femtosecond pulse dve laser proposed by New and Haus. This is
the first experimental studvy of the pulse formation in this laser and should

facilitate the design of other short-pulse lasers on the same principle.
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Publications:

l. Y. X. Wu, L. A, Vitoria, T. N. Ding, X. H. Shyy, and P.-T. Ho,
"Experimental Verification of New's and Haus's Theories of Modelocking
by a Slow Saturable Absorber,” 1987 International Conference on Lasers,
Nov. 15-19, 1987, Xiamen, P.R. China (Appendix 3).

2. Y. X. Wu, P.-T. Ho, "Pulse Formation Dynamics in a Dye Laser Modelocked

by a Slow Saturable Absorber,” in preparation.

3. Diamond Optoelectronic Switch.

An optoelectronic switch was fabricated of diamond, which could be
efficiently activated by a simple nitrogen laser or an excimer laser. The
switch, made of inexpensive ftype Ila industrial diamond, is specially well-
suited for high voltage and high power applications [1]. Our switch measured
0.1 mm x 5 mm x 5 mm, with gold sputtered on 2 mm diameter spots on the 2 larger
surfaces for electrical contact. High voltage was applied via a transmission
line, and an ultraviolet laser beam was focused on one side for switching
(Fig. 1). Fig. 2 shows some typical data. Note that in Fig. 2a, the lowest

s . . -4 19 -
resistivity achieved is 7 x 10 % cm, at least 10 lower than the lower limit

of the dark resistivity (1016 2 cm); and in Fig. 2b, the theoretical switch-out

fraction is 50 percent.

Further development in the switch is underway.

4. High-Power Diode Laser Arrays.

A high~power laser diode array system has been designed and constructed in
a compact and rugged package of Selfoc lenses (Fig. 3). The resonator was made
up of two Selfoc lenses (glass rods whose refractive index decreases radially
from the axis). The end surfaces of the lenses were reflection-coated so that

with the cleaved faces of the diode, the resonator had four reflective surfaces
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FIGURE 2(a) Diamond conductivity vs. Laser Power
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o

o (Fig. 3). This kind of resonator is very frequency-selective and has very high
»

3: Q. The output from the system was monitored with both a grating spectrometer

;. and a Fabry-Perot to ensure single~-frequency operation. The linewidth of the

E output was measured with a fiber interferometer [2]}. The difference of optical
}' paths in the fiber interferometer determines its resolution, which in our case

' was 70 kHz. Figure 4 shws a spectrum; the sidebands at 70 kHz are in accordance
Jo

- with theorv when the linewidth is much smaller than the resolution of 70 kHz.

More accurate measurements are underway.

. In another experiment, a cw array was injection-locked by a cw single-diode
:2 laser. Modelocking of the injection-locked array is underway.

i? Publication:

: J.-S. Wev and P.-T. Ho, "Narrow-linewidth, single-mode diode-arrav laser
E with a compact resonator,” in preparation.
,' 5. Theory of Modelocking in Extended Media.

Existing theories of modelocking are either numerical in nature or ignore

propagating effects in the active media in an effort to obtain analytical

x A s K

results. The former tend to lose physical insight, and the latter are not

realistic. We have developed a theory of passive modelocking with a saturable

Cad

f absorber, including propagation in the active media. The functional form of the

:. pulses generated was found to be hyperbolic secant, and stability conditions,

': . worse than in the limit of thin media, were also obtained in close forms.

Publication:

: P.-T. Ho, "A theory of passive modelocking with extended media,” inr

. preparation,

.

’ 6. High Repetition Rate Nd:phosphate Glass Oscillator and Regenerative
Amplifier System.,

‘( The continuously operating phosphate Nd:glass laser has been modelocked

’
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Photocurrent spectrum of single

FIGURE 4
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for the first time ever; 7 ps pulses have been generated. The potential of this

laser to generate subpicosecond pulses is obvious by using optical pulse

compression technique.

We have succeeded in amplifying the pulse bv using a regenerative

amplifier. A regenerative amplifier of similar construction as the oscillator

can provide ten microjoules of energv per pulse at kilohertz repetition rate.

Furthermore, pulses can be compressed by an optical fiber and a grating rpair

down to the femtosecond region. Such a laser svstem should have manv applica-

tions in science and technologv.

We have demonstrated the first operation of a cw-pumped Nd:phosphate gla--
resenerative amplifier which amplifies the output from a cw modelocked
Nd:phosphate glass laser {3]. Because of the broad spectral bandwidth, the
Nd:phosphate glass regenerative amplifier is ideal for the generation of short
laser pulses. Similar work with a Nd:YAG regenerative amplifier has been
reported earlier {4,5}. 1In that work, the authors amplified 100 picosecond
puises. Althouch similar in design, the amplifier investigated in our
laboratory has both broad spectral bandwidths and high repetition rates.

Bv injecting the 20 pJ, 20U picosecond pulses from a cw modelocked
Nd:phosphate glass laser into a cw-pumped Nd:phosphate glass regenerative
amplifier, we have amplified these pulses 4 x 105 times to 10 uJ at a 500 hz

repetition rate.

Figure 5 shows a schematic of the regenerative amplifier. A 2 x 15 x 20 m~

Nd:phosphate glass slab (Schott LG 760) provides the gain. To ensure perfor-

mance at high repetition rates, the Nd:phosphate glass slab is pumped lonaitu-
dinally bv the cw output at 514 nm from an argon ion laser. We focus the pump
beam to about 0.13 mm diameter in the slab. The regenerative amplifier cavity

is constructed from two high-reflection coated plane parallel mirrors and an

F NS |
Lﬁ‘ L’L&J;X g



514 nm
an CW Ar* Laser

\4 CW Mode-Locked %&
Nd:Phosphate Glass Laser
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N I 4
X v I v
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Fig. 5 Schematic of the regenerative amplifier for the
CW mode-locked Nd:glass laser.
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f = 85 mm focusing lens. The intracavitv IR beam size in the gain mediur
matches the pump beam size to maximize pumping efficiency. Such a cavity design
also gives a large stability range for flexibility in adjusting cavity para-
meters such as beam sizes and cavityv length. A single intracavityv Packels cell
serves to trap the injected pulse and later dump it out of the regenerative
amplifier., Phase locking of the regenerative amplifier and the injected mode-
locked pulse is maintained bv driving the Pockels cell at a frequencv of 50N Hz
downshifted from the 50 MHz frequency of the intracavity acousto-optic modulator
of the cw modelocked Nd:phosphate glass laser,

The beam waist of the oscillator is imaged by a lens to match the laraer
amplifier waist. This maintains a high energy contrast ratio of the initia!
injected pulse to the spontaneous emission from the amplifier and minimizes the
ampiified spontaneous emission.

Measurements with a streak camera of the width of the amplified pulses
vield 57 ps. Although the 500 Hz repetition rate is presently limited bv the
Pockels cell, the cw pump scheme should allow a 2 KHz repetition rate. The
detailed description of the research findings can be found in the followinr
publications.

prligﬁ}ions:

l. S. A. Strobel, P.-T. Ho, Chi H. Lee, and G. L. Burdge, "Continuous Wave

:

Mode-Locked Neodymium Phosphate Glass Laser,” Appl. Phvs. Letts. 43,

v
- pp. 1171-1i712, 1984. (Appendix 4).

N

7 2. L. Yan, J. D. Ling, P.-T. Ho, and Chi H. Lee, "Picosecond Pulse Gener-
]

A

F ation from a Ch Nd:Phosphate Glass Laser,” Ultrafast Phenomena \, Eds.:
r. —_—

t- G. R. Fleming and A. E. Siegman, Springer-Verlag, pp. 30-32, June }9Fen,
-

Q 3. L. Yan, J. D. Ling, P.-T. Ho, and Chi H. Lee, "Picosecond-pulse gener-
-~ ation from a continuous-wave neodvmium:phosphate glass laser,” Optics

é Lett. Vol. 11, pp. 502-503, Aug. 1986. (Appendix §)
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4. L. Yan, J. D. Ling, P.-T. Ho, Chi H. Lee, and G. L. Burdge, "High
Repetition Rate Nd:Phosphate Glass Regenerative Amplifier,” presented
at CLEO '87, June 1987.

5. L. Yan, J. D. Ling, P.-T. Ho, Chi H. lLee, and G. L. Burdge, "An
Actively Mode-Locked Continuous-Wave Nd:Phosphate Glass Laser (scil-
lator and Regenerative Amplifier,” accepted for publication in a
special issue of the TEEE J. of Quan. Elec. on Ultrafast Optics and

Electronics., (Appendix 6)

7. A'D Converter and szallel Processing Using GaAs Photoconductive Switche=.

Figure 6 shows the basic arrangement of a multi-channel A/D arrav to carrv
out parallel processins. The kev element is the track and hold sampling device
based on the picosecond optoelectronic switch, The signal to be sampled (Ya) is
distributed to ™ channels and time multiplexed sampling is performed bv illumi-

nating the individual photoconductive gap with time multiplexed picosecond light

3

ulses. The output of eact switch is¢ proportional to Va(t), where t corresponis
to the instant time ot sampling. This signal is stored by the holding capacitor
Ch and will be processed electronically by a slower quantizer. 1Ir order to usc
such a tvpe of device for the multi-~channel processor, the fundamental device
parameters must be measured. The efficiency and the bandwidth of the switch are
two of the most important parameters. The dvnamic range of the switch must ale«:
be established by experimental measurements, We have performed such measure-
ments.

The output siynalse from the switch were measured by both a sampling scope

(Tektronix 7834 with 7511 and S-4 sampling head) and an HP 8569B spectrur

Aty
v
RSN
oL
Ca
o

¢
.
-
-,

<%

e

analyzer. Various GaAs switches have been characterized. Among these, we

B:
'.a
" 7]

selected one non-ion-implanted GaAs 20 uym switch because it has the best figure

of merit. It is found that the output voltage varies linearlv with bias voltar:
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over 3 orders of magnitude for a constant laser power (Fig. 7). For a given
bias voltage, the output voltage saturates as a function of the laser intensitv
with I_ = 1.8 kw/cm?,

The switch characteristics were tested at 0.58 um from a Quantronix dve
laser (Rodamine 6G) which was pumped by a frequency doubled Nd:YAG laser. The
pulse width from the dve laser was 3 ps, as measured bv an Inrad auto-
correlator. Here, the switch out efficiency did not change significantly, but
the switch response width showed a larger broadening as a function of the DC
bias voltage for a givern laser power.

To use this switch, we apply a 50 MHz synchronized AC signal with & mv
amplitude on the switch as the test signal. When a 100 MHz green light
irradiates on the switch, we observe one positive and one negative sampled
signal. By adjusting the optical delav, we sampled the 50 MHz signal (10 cm of
optical delav correspond to a change of 0.66 ns in sampling time) (Fig. 8). Bv
using the HP 8569B spectrur analvzer, a laser power of less than a millivatt was
needed to sample the signal. Because the Fourier component at 100 MHz is
canceled from both positive and negative signals, the output Fourier component
at 150 MHz was utilized for measurement.

This technique can be used to sample a waveform in the multigigahertz
frequency range. The testing waveform has to be in complete time svnchroniza-
tion with the optical pulses. This has been accomplished in our laboratorv. We
are able to generate both a multigigahertz pulsed and cw signal by using onlv a
single picosecond optoelectronic switch. To sample such a high frequency wave-
form, a fast switch with a response time of 100 ps or less is needed. Currently,
we are developing such a switch with high sensitivity under a joint contract
with COMSAT awarded by MIT Lincoln Laboratoury investigating a high performance

photomixer at 10 GHz. These mixers are also based on photoconductive switch
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technology. The technology developed under the Lincoln Laboratory contract car
be applied directly to fabricate a multi-channel device for testing the idea of
the time multiplexing signal processing scheme using ADC's.

In addition, a modelocked laser diode array can be used as the light sourc.
to perform the optically activated sampling since it has been found that the

sampling can be carried out with less than cne milliwatt of laser power.

8. A New Optoelectronic Cw Microwave and Millimeter-Wave Source.

Ultrafast switcning utiliziny picosecond photoconductors finds manv ap;. -
cations, including optoelectronic sampling and characterization of high spee!
electronic devices [6]. One of the major areas of application that has not ber:
explored is in microwave and millimeter-wave generation and control. The
jitter-free switching characteristic of these devices is verv promising since
the microwave or millimeter-wave signals can be generated in complete time
svnchronization with the exciting optical pulses. The time svnchronization
opens the wavy to unigue applications. For example, it becomes possible tu use
optoelectronic techniques to modulate the cw microwave allowing it to carry
information at a veryv high rate (up to 20 GHz). Another potentially powerful
application is in phased arrav antennas, where the central issue is to provice
the correct phase and amplitude at each element of the arrav in a manner whic!
allows rapid scanning,

We were able to generate a low-noise 19.76 GHz signal at -19 dbr that was
in phase synchronization with a 100 MHz laser. This signal was visible on a
Tektronix sampling scope. We used light from a frequencv-doubled 17w Miz YAC
laser on a voltage-biased, 5 micron, silicon damaged, silicon-on-sapphire phuto-
conductive switch to create a U0 MHz voltage pulse train. This voltage wave-
form acts as something of a comb generator with frequency components occurriny

at every harmonic of 1UU MHz, starting at 100 MHz and extending bevond 4uv GHr,
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The highest power is in the lowest frequencies, and the power slowlv tails of:
in the higher frequency ranges. At 19.76 GHz, this switch can produce a -36 dbr
signal.

For the purposes of this experiment, the signal is only useful if it can be
used to produce a relativelv noise-free voltage sine wave. Therefore, the 40—
plus other harmonics must be eliminated. This was done in two ways., First, an
elliptical bandpass filter centered around 19.76 GHz was placed after the photo-
conductive switch., This vielded a minimum of 33 db attenuation for all the
frequencies less than 22 GHz while only attenuating 19.76 GHz by 1.236 db. 0Of
special value is its abilityv to suppress the two clcsest harmonics, 19.66 and
19.86 GHz, bv 3» db. Between 22 and 40 GHz, this filter has two unwanted pass-
bands centered around 22.84 and 31,24 GHz. The oscillogram of the spectral com-
ponent of the 29 GHz signal is shown in Fig. 9.

COMSAT supplied a three-stage amplifier with a gain of 21 db at 19.76 GHz.
It was alsu desiuned to attenuate 22.84 GHz by 12.6 db and 31.24 GHz by 30 db.
This eftectively eliminated all the remaining unwanted frequencies.

The detailed technical description can be found in Appendix 7.

l. C. J. Clarx, E. A. Chauchard, K. Webb, K. Zaki, Chi H. Lee, P. Polar-
Dingels, H.-L. A. Huang, and Ho C. Huang, "Generation of CW Microwaves i
bv an Optoelectronic Technique,” the 1lth International Conference on
Irnfrared and Millimeter Waves, pp. 605-608, Pisa, Italv, Oct. 20-24, :
198+,

2. C. J. Clark, E. A. Chauchard, K. Webb, K. Zaki, Chi H. Lee, P. Polax-

Dingels, H. A. Hung, and Ho W. Huang, "A New Optoelectronic CW Microwave
Source,” the Topical Meeting on Picosecond Electronics and Opto-

electronics, Tech. Digest, pp. 176-178, Jan. 1987.
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FIGURE 9 20 GHz Signal
The oscillograms in (a)
and (b) show the 20 GHz
waveform, and the spectral
component is displaved
in (c)
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3. C. J. Clark, E. A. Chauchard, K. J. Webb, K. Zaki, Chi H. Lee,
P. Polak-Dingels, H.-L. A. Hung, and H. C. Huang, "Investigation ot a
New Optoelectronic Cw Microwave Source,” IEEE/0SA J. of Lightwave

Technologv, Vol. LT-5, pp. 38&8-39,, March 1987. (Appendix 7)

9. Picosecond Optoelectronic Switches Using Composite Electronic Material-.

Since the discoverv of picosecond photoconductivity, optoelectronic
switches made from a variety of materials have been studied. A great number of
applications have already been recognized and many new techniques depend on tthe
availabilitv of ultrafast (picosecond) devices. In collaboratior with MIT
Lincoln Laboratory, we have investigate: the use of artificially structured
electronic materials for picosecond optoelectronic switches. The two switches
using composite electronic materials studied in this work are Fe-doped InGaas
grown in InP substrates and GaAs on a silicon-on-sapphire (S0S) substrate. The
seri-insulating character of the Fe:InGaAs epilaver makes it very attractive for
fahrication or integrated devices such as PIN photodetectors and FETs. This
material also exhibits a very high mobility (10000 cmz/Vs) and a photosensiti-
vity extending up to l.65 um. The GaAs on S0S is of interest for the monolithic
integration of GaAs and silicon devices where, for example, a GaAs FET could be
integrated on a silicon wafer. This process takes advantage of the mature Si
technologv and the availability of low cost high quality silicon wafers. There
is also an interest in using SOS as substrate because it provides better isola-
tion and it is transparent. The silicon-sapphire interface exhibits a high
density of defects, allowing faster devices to be fabricated. In our experi-
ment, the sapphire substrate was used for mechanical strength, Whatever the
material, the fabrication of a switch by deposition of metallic electrodes makes
it possible to determine the switch characteristics and possible applications as

well as to test the material's optical properties.
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The study of device speed often reveals several phenomena which can appear
as distinct time constants in the observed time waveform. The attribution of
each of these different time constants to a particular cause is difficult and
often inaccurate. One can classify the phenomena contributing to the speed of
the device in two main categories: carier recombination times (bulk recombina-
tion, surface recombination, Auger recombination, etc.) and effects related to
the applied electric field (carrier sweep-out). In addition, two other effects
can contribute to the observed time waveform: contact fabrication plays a role
because of the formation of a Schottky barrier at the metal-semiconductor inter-
face, and optical intensity which can saturate the switch and lead to slower
response times.

We present a study of the effect of applied electric field on the speed of
the device. We point out the distintion between the true carrier recombination
time, which is independent of the field, and the so-called "carrier sweep-out
effect” due to the field-induced movement of the carriers. Measurement of the
sweep-out time allows us to calculate the effective field in the material.
Because of the carrier screening of the field, the effective field is much
smaller than the field expected from the applied voltage. The detailed techni-
cal description is contained in Appendix 8.

Publications:

l. E. A. Chauchard, Chi H. Lee, V. Diadiuk, and G. W. Turner, "Picosecond
Optoelectronic Switches Using Composite Electronic Materials,” Digest
and Proceedings of OSA Topical Meeting on Picosecond Electronics and
Optoelectronics, Lake Tahoe, Jan. 1987.

2. E. A. Chauchard, Chi H. Lee, V. Diadiuk, and G. W. Turner, “Fe:InGaAs
Picosecond Optoelectronic Switches,” submitted to the J. of Applied

Phyvsics. (Appendix 8)
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10. Generation and Forming of Ultrashort High Voltage Pulses.

High voltage pulse-forming utilizing spark gaps is a mature field.
However, problems associated with synchronizing spark gap switching in the pi1. -
second regime limit its application. A new approach, developed over the past
few years, is to use laser controlled photoconductive switches in generating
ultrashort high voltage pulses [7]. The use of photoconductive switches
achieves picosecond synchronization and very long lifetimes. Furthermore, such
switches car be readilv incorporated into various tyvpes of pulse generating and
forming structures. Wwe report here on an investigation of the performance of
various tyvpes of hizh voltage generating structures with photoconductive
switches. These include Blumleins (with multiple switches), Marx banks, stacked
lines, and L.C. generators in coaxial, microstrip, and coplanar geometries.
High voltage pulses with picosecond rise and fall times were generated and moni-

tored using Pockels cells monolithicallv integrated with the pulse-forming

structures. Using dc charged voltage multiplication circuits, up to 5 kv was
generated in nanosecond pulses., Also, 5 kv peak to peak RF single cycle pulses
were generated using a similar multiplication circuit. This type of RF pulses
has important apriications in higl resolution radar systems [8].

Representative data are shown in Fig. 1U. The pulse generator consisted of
a 5 mn microstrip structure, with composite GaAs-glass dielectric with GaAs as
the switch whouse effective round trip length is 100 picoseconds, The microstrip
is biased to 2 kv dc. The observation of the electrical pulse was made using a
miniature homemade longitudinal Pockels electro-optic modulator. The electro-
optic material used was Ki*i'.  An active-passive modelocked Nd:YAG laser was
used to general 20 Wl of 0.53 um radiation with 35 picoseconds pulsewidth.
Each optical pulse was split into two pulses, one going through the Pockels cell

so as to probe the electrical pulse, the other optical pulse was used to trigyrer
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the GaAs photoconductive switch., By varying the optical delay between the
probing and switching pulses, we have monitored the generated electrical pulses.
In Fig. 10, we show the transmission of the 0.53 um radiation through the
Pockels cell as a function of delay between the probe and switch pulses. The
maximum transmission is 10 percent, corresponding to ~lkv pulse. This is
consistent with the bias on the microstrip. Note that the full width at half
maximum 1s 100 picoseconds corresponding to the electrical pulse width.

A problem inherent in dc¢ voltage holding switches is the necessity for gap
separation to increase with the magnitude of the voltage held off. Photo-
conductive switches are prone to the same problem., On the other hand, practical
design considerations, e.g., maintaining a matched impedance throughout the
switch area and minimizing strav inductance and capacitance effects, become more
difficult as the gap length increases. Furthermore, the energv in the optical
pulse required to trigger the photoconductive switch increases as the gap length
squared. Hence, there are practical limitations on the charging voltage when dc
biased. We are examining multistage schemes of HV generation, where a high
voltage of relativelv short pulsewidth, ~10 nanoseconds, is used to charge the
pulse generating and forming structures. Since the bias voltage remains for a
short time, overbiasing the photoconductive switches can be maintained without
breakdown, thus avoiding the problems mentioned above. A single optical pulse,
split into two, can be used to trigger the voltage pulse so as to charge the HV
generating structure, which in turn is triggered by the optical pulse generating
high voltage picosecond pulses, This technique will also allow us to examine
breakdown phenomena, as the photoconductive switches are biased to higher
voltages.

The voltage multiplication structures use the principle of parallel

charging and series discharging of pulse-forming lines [9]. Marx banks require
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a switch per stage, whereas onlv one switch mav be used 1or the entire stacked

line structure. We have constructed 3-stage coaxial stacked line structures
capable of generating 5 nanosecond pulses with GaAs as the photoconductive
switch. With 2.5 kv dc bias, pulses up to 5 kv were obtained. The efficiency
is limited by the laser energy and the short carrier lifetime of the GaAs switch
(~1] nanosecond). A modified version of this circuit generates single-cvcle RF
pulses with peak to peak voltage of 5> kv,

In summary, we have discussed the generation, shaping, and monitoring of
high voltaxe picosecond pulses using pulse-forming techniques in conjunction
with photoconductive switches intesrated with electro—optical probes.

Publications:

1. H. A. Savadian, S. T.Feng, J. Goldhar,and Chi H. Lee, "Generation and
Forming of Ultrafast High Voltage Pulses,” Digest of the Second Topical
Meeting on Picosecond Electronics and Optoelectronics, pp. 57-59, Lake
Tahoe, Jan. 19¥7.

2. H. A. Savadian, M. G. Li, and Chi H. Lee, "Generation of Kilowatt/
Kilovolt Broadband Microwave Bursts with a Single Picosecond Photo-
conductive Switch,” IEEE MTT-S International Microwave Symposium
Digest, pp. 649-652, June 1987. (Appendix 9)

3. Chi H. Lee, "Optical Generation and Control of Microwaves and
Millimeter-wWaves,” invited paper at the IEEE MTT-S International

Microwave Symposium Digest, pp. 811-814, June 1987.
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Phase and Amplitude Fluctuations in a
Mode-Locked Laser

[)

thtract — Comparisons are made of the phase and amplitude fluctua-
tons of a laser when it cperates single mode and when it is mode locked
with the same total average power. Despite the much lower signal-to-
‘spontancous emissioi noise ratio of the mode-loched laser, the linewidth
uf cach of the loched modes is the same as that of the single mode. L he
fluctuation of the total inteasity of the mode-loched laser, and the
linewidth enhancement factor due to intensity fluctuation as recenthy
analy zed by Henev, are the same in both cases.

I INTRODUCTION

R POENTLY. interest i laser inewadths has been resur-
sent. espectally i seniconductor fusers One obyvious
teasoit s the apphication of senucondudtor lasers in communt-
cation Another reason s the relatine case of observing the
hinewdth due to spontancous enission. which attords an op-
portamity o study o tundamental process i a laser Most
waork todate. howeser, has been on crther single mode or
muitimode trec-runnine Lasers [ O] One exception s
FEEL mowhich the hirst- and second-order correlations of
This work deals with
e mewidth of cach ot the modes of a mode-locked Taser
When a daser changes ity operation from single mode to N

preosceond pulse tram were measured

modes jocked i phase. the total spontancous emission nose
ivonereased N times. and the power per mode s decreased NV
tmes One resalt of this study s that, despite the V-told de-
Lrease i stenal-to-noise ratio in cach mode. the hinewidth in
cach mode remans the same as o single mode operation. As
the ninite linewadth ot @ mode determiunes the coherence
fenuth over which the electrie tield of the mode-locked pulses
intertere (Section TH-Chlthis result can be reworded a laser
has the same coberence dength operating single mode as mode
focked at the same total average power. Preliminary expert-
sental data contirmed this prediction (1210 Chirping ettects
carnier densits changes can be neglected due to the ef-
Poore ot oxternal cavities and smad!l modulation depth i the

Ao e mode Jockinge considered i this paper Whethet
copt s teriere s important an coherent ‘xppllutmn\ s
coot Baeh peak power ot mode-focked faser, tor example.

Crerent derecron senad processing A phuase and ample
o nntons o sinzcle mode Liser are well understoad.

~ oo ten Lot ban comipaisons
MWl e oy imterested i the semiconducton Taser.
| (RN ) AT 1.’); Ty AP Tor athier Jasols |<'l
FARRTI RS AR A RNY S aseame hivnosre ot
' o . .

P ' b A )
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broadenming and active mode locking  Inhomaogencous broad-
emng and mode locking by suturable absorbers will be dis-
cussed 1 Secton 1V

The plan ot this puper v as tollows: the main results are
summartzed in Section 1 The actual dernvations are n
Section HE which may be shipped to Scetion IV for physical
explanations and discussions,

Il. Resutrrs

In & mode-locked Taser. we have tound the tollewing

I'' Random tluctuations such as spontancous cmission or
cuvity length ptter are anettective in causing changes i the
relative phases among the modes: tfluctuanons in the relative
phases are damped. This is to be compared to the phase of
4 mngle made oscillator which undergoes undumped dittu-
ston [1S] [ 164

21 The phases of the locked modes. howesver, can diftuse
as a callective unit without any damping. as in the angle
mode case. In other words, despite deletertous perturbutions
which try to breuk up the locking of moades. any deviation
from the tocked phases s quickly damped. perturbations only
succeed 1 cansing the mades to fluctuate together as o unit
This collective fluctuation causes the same fimte hinewidth in
cach of the modes. irespective of the power in that mode 1t
the perturbation 15 spontancous emission, then the familiar
Schawlow  Townes tormuta tor the hinewidth ot 4 mode [13}
v moditied to take an inverse dependence on the roral power
ot all the modes instead of just the power in the mode under
consideration Furthermore, the inewidth enhancement factor
due to power NMuctuation as reeentls analyzed (3]0 [4] tor the
single mode luser turns out to be exactly the same  cach of
the Tocked modes and v independent of the gain length. In
the case ot Jaser resonator Jength vartations, all modes are
altected in the same wav . and the hinewaidth thus caused 1~ in-
dependent of power

AN the single mode Lasers amphitude cposerny thactua-
tons are damped The Tuctuaton ot the roral power an the
mode-Tocked Laser s damped by exactly the same time con-
stant as the sinpele mode lasers waith an imverse dependence
on the totg powet of atl modes Bluctuations moindividuad
mode amphitudes are adsosdampad s moa wany of noandog m
the ~imvle mode st

he denvations of these rosalts are covenon the tollowiny

section
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N b ol e oqoene s o approaa ot MoDait
ard M s ddine tandone polarsations oot b
s SRR




LA aran e o s e aua o o adie vl abl aas atd anhrabd aid sid abialitaile st alic

HO FLUCTUATIONS IN A MODE-LOCKED LASER

spontancous emisston, As iy standard in oscillator linewidth
calculations [15],[16]. the noise-tree amplitudes and phases
are subjected to the added perturbations in hinearized equa-
tons. The approuch taken here s mathematically equivalent
to the “supermode’™ analysis of Haken and Pauthier [17] and
of Haus [IR].[19]. but we teel that in treating the more funul-
tar individual cavity mode amplitudes and phases. the under-
Iying mechanisms responsible tor hinewidth become clearer.

A The Bavic Fquations

We start with the mode-locking equations derived by
McDutt and Harmis {14]. apphicable to our model laser which
has 4 short loss modulator gt one end of the cavity (hig. 1)
The modutator Tocks the cavity modes i phase by sideband
gencration, und s action s represented by a quadrature com-
ponent of susceptuibility

Ao Ay

TOUUN r\,l]

where 2 is the distance along the cavity length and the modu-
lation frequency iy is approximately equal to the roundtrip
trequency A} 21, of the empty cavity. The ume ongan s
chosen o that the loss is minimum at ¢+ 0. The cavity elec-
tric ticld s

Fioooy N Edncosfer ~ danlti:
where

. (n;' niyTo

[ BT T
and

v, o~ nry.

n., denotes the center mode
modes. and the amphitudes
lowing equations |13

['he modulator mixes adjacent
F. and phases &, satisty the tol-

i v ap e .
.t T XL R --—F,
21 p
o
< =B CoM D, . b, )
I,
<, costd, — b}
P
55N h
2,
15 X
b, ), —- v, - 3 Xo [ — {k, st b
- ,p
- F.  sintdh, b, )}
v
- O 2y
R
where
(0, - (n + n)c/2L - empty cavity resonance trequency
v n.py o ocenter freguency
X in-phase component of the Jaser gain susceptibility
at v,
f-f.f-'f PR oy R S R TR
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1x0”
i i H
— i
e AN !
iR MODULATOR MIR&OR
g 1 Acnvely mode-tocked laser
\ in-quadrature component of the laser gain suscepti-
bility at v,
T'e - empty cavity roundtrip time
170 = mverse empty cavity ¢
1 "o . . R -
a = waf WU A2 dZ
coupling coefficient between two adpacent modes
due to the modulator
i “w - I
2a O [L AW dl average loss ot the

modulutor

We have added random polanzations S, and €. to represent
spontancous emission. A physical interpretation ot the whove
cquations in the time domain can be found i {20]. The tol-
lowing noise sources will be considered herer 1y spontancous
emission: 2) cavity optical length variations due to amphitude
fluctuations caused by spontancous emission, as recently una-
Ivzed by Henry [3]: and 3) mechanical fluctuations in the cuy-
1ty length.

If the number of modes is large. then the mode number
can be treated approximately as a continuous vanable [17].
For a4 homogencously broadened gain whose frequency width
m, 1~ broader than the bandwidth Aw of the mode-locked
pulse. x. can be approximated by [17|

o A’Q.-‘l - (l_w'—l’_l)]

L~ PP,
where Pooas the saturation power of the gain, x'(- (s the
unsaturated x7 of the center mode. and P is the average opti-
cdl power For simphuaity. we have assumed that the gain has
a long recovery ume, and 1t responds only to the average
power. It this restriction were relaved. the resulting oscilia-
tion in the gain would generate noise sidebands [4). The real
part of the susceptibility x' gives rise to a retractive index
We shall only consider ats trequency dependence to the first
order of trequency

With these assumptions. the steady -state solution (€

S Mot (hyand (2) has been tound 17

¢, -0 (3a)
E, o F.oe " ? i 3b)
2a, | v X r
U - . T T T D (‘k)
Te N 21 - PP 0
l ; R}

I Q, 5 VX 13y
Jao | I v
e g R ( \ ) (i)
Te N 20 PPy

In (3¢). the lett-hand side s the additional loss due to the

modulator, which i many aircumstances is smaller than the
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cavity loss 1 20 then

Iy I v
20 21 PP
and the number of modes locked s, trom 3¢y,
oy L .
200w T da ]

The average power Pis given by

!
!

p- N NE! (3

—

l.)i

Now when notse s added to the system. the detimite phase
relutionship among the modes. as well the amphtude of cach
mode. s perturbed. Following standard methods tn calculat-
ing oscillator linewidths [15],[16], we assume that the noise
sources are not strong cnough to disrupt mode locking com-
pletelv. and that the phase and amphtude of cach mode only
deviate shightly from the steady state, and we lineanize o1
and (21 to obtain equations for the perturbed phases Ad o
and amplitudes AE 1)

S Tavye - b BY;
- 5 L O Lo 2o X -
AT @ l U
}: RY /; 1AF. R VI i’:\.\,“(ﬂ (4
[\ Iz i a
| Ad. RYP A R Ay [-/:, - I W (Ad, — Ab.)
2 .

- Fo o (Ad, — Ab.

- o= (5)

Ay and Ay are the changes o x7and x! due to power fluc-
tuation AP

L v AP oy
A . _r _\li R .- | - —_—
Yoop i -pPPP I (m,) ‘
T S .
0P (6a)
, H\,’,
dy. *}) Ry {6bh)
ol

The trequency dependence of Ay in t6a) 1s 1ignored as it s a
second-order eftect. Mechamical vibrations cause a random
change AL an the cavity length. and therefore a random
change i the cavity resonance trequeney M),
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Since spontancous emission is equally Tikely to be in phase or
in quadrature with the cavity field. Coonand S have the
same average value but are uncorrelated wath cach other
Spontancous emission noise s modulated by the modulator.
and consequently, some correlation exists among the noise
tfrom different modes. But in most cases in practice. the modu-
laton is weak. and theretore the modulated part of the noise
is much smaller than the unmodulated. uncorrelated part We
theretore assume

1

— o, 'y = D&, 6~ 1 (%)
de

P i . , . .

—iSnS 0y DAL — ) {%h)
de

v o

—CanS, ' =0 (8¢
de

D. the power per unit frequency. is approximately indepen-
dent of 1 since the spontaneous emission width w, v much
wider than the pulse bandwidth Aw - Ny

B. Solutions

The lincanized equations (4) and (3) can be solved by treat-
Ing. once again. # as g vontinuous vartable and differences in
Ad. and in AF, by derivatives wath respect to n. This regquires
Justification since Ad, and AF, . drmven by random sources
uncorrelated in n. may not be smooth functions of 7. As will
be shown immediately below. Ad, and AE, arc expanded in
complete functions of 7 so that rapid changes can also be ac-
counted tor. Furthermore. components of Ad, and AF, which
change rapidly in » are small, being heavily damped. Even
when Ad, and AE, are smooth functions of n. thev are «ull
random functions in time. In particular. at two different times.
Ad, may be completely ditferent functions of n. which means
4 phase fluctuation amonyg the modes. To convert the differ-
ence equations (4) and (5) into differential cquations. we
make the approximations

Y AL+ f—‘_\f;” L1 ”',A(Z'
an 2 an

b Ad. :*‘ Ad, - = J*.\d)
[ 2

We also normahize noto the number of loched modes N to in-
troduce a new variable &
\ ‘ﬁ
£ —y (2]
N
with which we replace the subseript 2o Equations 4y and %)
then become

(t ooy

- En - RYLTATAYS

L ARE ( 5 ”,,)
hl P B
- ‘ I Y Y am
[N |l N

e &= W"V'm'w'vij
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The operators within the square brachets suggest expansions tod g 0 123
i Hermute polynomuals A vér and Hermite: Gaussians
We et find the amphitude Huctuations By borp 6
Ak :lf T vEn Y JRB [ ‘ oy | !
- -/ NN 2» K [
dro ]2 o A%
[ S o 3
Adedorr DAl YR which, with standard methods in stationay processes (227
can be sohved o }lL‘ld
The crigenequations tor H cérand Hocén are |21 )
.
/ B v ’ ¢ v
¢ ) M
) { EH vE 2plt L ARY ’ :
dE
and
- o d X _
R Qe |H & 2pH & AV : .
A dé e BuiBay I J\’ J Poavid iy
v The vperators on the fett-hand side are the same as those
X f
v, clonand o1y The unperturbed fichds are 2D -
t_d
) \ = 20
f b { Lo En feé (16
where
and the change i total power s
. I — oy
‘ a2 (Y ) Y
AP 2N EAE - b
. Sundarly tor pog - QL
v o \
N . - C
S\ = dEF H 1€ Bt v JB. .
- : - pvB U
b . - dr 2
N2 NE B 017
where <120 01000 and the orthogonality condition |21 B : ! e
dEH EH Eve A2 p'\N o (I8 and
) N | 20D e
hase been used Substituting the expansions 12 and 113 mto Bl oA N\ 2 v s 126
- 2 bed 2y
ctbeand ci b using o8 H gy 1 we have ! m
. with
s o g Sy
: B F N 27\ )mlf
dr I A\ 2 af 4o .
v 127
, IoN
Lo 14 »
2 Phus. all amphtude fluctuations are damped, as inthe case o
4 . AT L g single mode laser [16] Since the toral power ﬂ‘udualmn AP
PR " , N, , , only depends on B o the damping constunt T determimes
! s Lt . .
the power Hluctuation hinewadth We shall show below that !
! o . . B . . vl e
AR Y T cxacthy the damping constant tor o single mode Jaser ot
2 o the same power For phase tluctuations, we first look at
P han el
Aith
! A \ 1 A
Vv,
t ‘ dEH e NE L a A
N /‘.\ b
i o1
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o For p 0. where linear terms in AF, average to zero. and the quadratic
R . .
"\j terms are too small and are therefore 1gnored. Since the
; dA Al vt . .
STl o ol phase A, changes very little in one cavity roundtrip
ST . .
.ft'-.h dt l R T = 2m/tv, — v, |}, the field correlation becomes
CEN TN )
: - 5 - . WA ~ 2 wty A, h, 1T
AN 2 g (EXUelt + 1)) = X Eje "riettt Ty (30)
yS0Y -
QA The Tast term s the additonal phase ptter caused by power . . +s
NN i : : For Gaussian processes {22].
S Huctuation Bty 1t can be rewntten as
n v o ((,.sz.l‘ A«t),‘:-'-> = ¢ P2 At Ad. 1o l’“)
<) LEAN TN D g e
I oo Ty T I — 1. .
g 2 T ap E. From (13). (28). and (29),
R
.\ . . < . 2
L where 170 1s detined in (25) and (Ad, (1) = Ad,tr + 7))
B o : 4\ 2n \2n .
) ~ - - N -
':'. _oc Ak A => H,‘.( — )(A;m) + H, —)(Aiu -7
! s T “ - N ’ NN Y
o iy P .))( rq - :
y \2n \ 2n
‘ i~ tne enhancement tuctor detined by Henry [ 130 Tt should be - 2H, Y )H‘, - )(A,.HDAJI “ T
l".r:‘ noted that this fuctor s independent of the length of the gain. ‘
N The equation for A can be mtegrated to vield = (ALY - A+ 1)
. - g .\ 2n
R i = A ~ N ’(A‘)H'(——) Il —e ™
‘..f. \ ) ) ;_,J pitte A [ J
. v }
¢ ’ d ’ ‘l\l FUREACAL R ViBavB o "] The series 1n the last line is much smaller than unity:
.. v ) g g \N2n .
S I ISR VARYRVARSE NEZHUH E e TR
o [ . = A
o 2D 1 3 s \N2n
h - ol T - . bt ! < 2 3(’4.")Hr‘(—,'}
‘ N s vk !
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! AN - IS £ A B B »\:n‘)
u-.-,-' I \ N | l [ ] T e~ T 1\. Y , [_ ,( z
JN T ro P =py L. :
o E Y o
2. s 4\ 2 )
T [he parameter bos detined by = L N (B UNH, \ "") . w(_'k_[',, N |
iy . AL , ; LT
- E F.
y Aoy X o hatr 1 _
‘ Equations (26) and (2%) have been used to relate the phase
K.~ and 124 ks been used The Tast term s exponentially  flyctuanion A, to amphitude fluctuations &,
S Jamped and will be tpnored [4] Then Thus. trom (31, (
De o , e T RA)
.;'." R vy o [T - 3 v - ht I
A NEERA L and. substituting 1nto (30), we obtain
® (29 i
BN TR VR
_-_i-_‘_ The tirst term on the night hand <ide s the phase dittusion
‘.'.*".r: caused by spontancous emisston, mcluding the enhancement N et e
;._:. tactor o1t sives o linewidth exactly the same as o simgle
¥ mode Tuser with the same power 720 N 7 2VF L as shown T e
Pl NEeo TN .
@ in Seton TH-0) AV — ;
il v !
Y : € Spectra and Linewdths \p YA ( Iy
F s T - mly
:}'r‘: The spectrum and hinewidth ot the laser output can now be K
v . . . ‘
Ry calculated - The output fickd 1~ proportional to Recalhing that - A v Adr 71w proportional to 7

Dn, . (29 we detine a correlation time 7 such that
- st :\_"l‘ < AP e l

» T

g A A ey s 2 (33
P T
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Then

e - T . g
T ¢ ¢ .\__(

(e

A plot of vyt s shown in kg 2eao 10 consists ot spikes,
cach of width 2\ 2 Ny which s just the mode-locked pulse
width 7. The haght of these sprhes decreases exponentially
with 7 atarate 1 7 A spike oceurs when two pulses over-
lap. therefore, 7 determines the delay over which two pulses
correlate The power spectrum s given by the Fourier trans-
torm ot vt

Prwt “yl.’n‘ Rts
20 R .
- l ¢ oy
\ - N
B} o
2 v, s
T N T b - tw )

Thus. cach mode . has the same Tinewadth (1 70 A plot ot
Piwhr s shown i Fig 2eb) 1tas obvious that the total band-
width Ny determines the width of the spikes in vir) . but
the correlation time as measured by the height of the spikes s
deternuned by the width in a single mode 17

The intensity tpowen) fluctuation spectrum can abso be cal-
culated casily The tluctuation in the total power is

AP AP - e

T . [4
AP
trom 17y and «24) The damping constant determines the
spectral width of the intensity spectrum

LAP@IAPY - T 21

AP | w

Pt - dre
This spectral width

.
R ,;; p (34)
I

i~ proportional to power near threshold (F - Py as in the
sngle mode case [ 16]
The amphtude fluctuation in one mode has a more compli-
cated expression
- . | 2D e
AR AR T e ' \ -\ I

) :H‘,,\\:,”)

1

=
-
3t
B
to

=

~<

—

and has no analog m the single mode laser

D Comparisons to the Smele Mode Laser

[t 15 interesting to compare the mode-locked aser 6 the
angle mode laser Inomany respects, the Tocked modes be-
have collectisely sinlar to the single mode Biarst. despite
notse. ahich disrupts phase coherence among the modes. the
phases of the modes fluctuate as a unit while mantamning the
relative phase relattonship wmong themiselves More pre

Mt bl alh il aad 4 B and

X1
‘YY
| R
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| |
| T | ‘
Mo | ‘
A
/7
141
?;“ - 4 ar -
b
|
I
|
|
27
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|
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a K & 2 4 w'%’l
(b

Fig 2 ta Magnitude ot field correlation tunction by Power spectrum
corresponding to (a)

cisely. 1n the presence of random noise.
Ad, ity = Adey ~ -

The omitted terms contribute little to the linewidth: therefore.
all modes approximately have the same random phase A (1),
Furthermore. the spectrum and linewidth in cach mode are
the same as those of the single mode oscillator operating at
the same power. This is readily demonstrated using (1) and
{2) with the modulator turned off (a, = ). Suppose the cen-
ter mode oscillates with power # - E°

. vt ) [
E - “2’ 6 s xR = *2—;5,, Nia
. v o) v
[d) LY T A _Z_X ][‘, .- -2—}(,, Wty

where the subseripts on £ and & are omitted to avoid confu-
sion with the mode-locked case. The steady-state solutions
and hinearized cquations are

L X p " o
0 e gp PO TR
. poooday” f
SE L E X 5
l; B & 5, S, A
. oy O (¥R
A R :
: e ! :} l
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/ ‘."‘-.:: when & denotes perturbed quantities and
2 5 = 2E BE.
I
’ ‘ The linearized equations are then solved in the same manner.
M In fact, if we identify # with P = N\ /2 F " (that is. 1f
P the total average powers are the same in both cases). then
i '_). the equations tor 8£ and B, and those for 8¢ and A, are iden-
:-:' tical. The linewidth for the single mode laser 1s given by its
> phase jitter:
o . . D , I ,
<) e I L R
a4
_’: which i to be compared to (29). Again. « is the linewidth
-'::1 enhancement tactor. The amplitude damping constant is
SN ptay" aPy P, the same as FL25)0 (34,
IV PHYSICAL EXPLANATIONS AND DISCUSSIONS
,‘{f.' Very simple physical explanations can be given to lhg re-
\,::. markable phase properties of the mode-locked laser. When
,,.“_;’,,’_ the random phases are not the same for every mode [p > C
. terms in (13y]. the modulator. through its action of sideband
- generation, “dilfuses™ these phases throughout the whole
- bandwidth tthe “ditfusion™ is represented mathematically by
_C.F:'; the operator within the square brackets in (11): [24] gives
o ¥ good physical interpretations of the operator). Since these
‘ ’a'_:; phases are random with one another, they cancel out when
e added together. An aiternative explanation can be given in the
s time domain. Random phases will alter the pulse shape trom
{ o ' s unperturbed Guussian. in the part of the pulse where the
:-«.ﬁ' intensity is decreased. for example, a net gain appears to am-
T plify it. thus tending to restore the pulse to its original shape.
::—_.‘ Of course, when the random phases are identical in every
2, mode {equal to A,(r)]. the pulse shape is not changed at all.
LR and the gain will do nothing to the pulse and the common
phase A, diffuses without being damped.
. ::‘_‘-': The linewidth of the mode-locked spectrum can also be ex-
-:::-'_-’ plained simply in the time domain. In the single mode laser,
;-_' the random phase angle due to in quadrature spontancous
-\.’.‘;_ emission is
o o - B
p CE
:::‘-:: where 6F, 15 the spontancous emission field and F is the
;~::}: steady-state field {Fig. 3(a)]. The linewidth is determined by
-t 1 T 4 ,
®n SO0 T =807 = F[Mf,:) ~ (BE.(1 + TIBE (tD].
%l 2
::-:‘_':.- Now, when the same power E° iy distributed over N modes
R hy mode locking, pulses appear and the pulse field has a peak
e value of VN E. Since there are N modes, the spontancous
I cmisston noise from NV modes contributes to the total noise.
': s0 that the average noise power is now NV times higher than in
:.r:: the single mode case. It the noise field is AF . then the ran-
tj dom phase angle s JhFig. 3ib)]
¥ {\'
:'é‘_:( i) A%;—'
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Fig 3 Random phase angle of the electnic field . tar Single mode
th1 Mode locked
so that
I ( 2y —
3¢ Mi + 7) = O = V—[(.\[; )
- (AE (1 ~ 71 AE )]
“N[(SED
’V[- [

— (BE (1 + TIBE ]
1 . -
=~ (0 + 1) = 6)),

the same as in the single mode case. Noise appearing between
pulses 15 damped since the net gain is negative between
pulses [18].

Our analysis is based on an actively mode-locked laser
whose gain is homogeneously broadened. Relaxing these con-
ditions will not change the results substantially. First. an in-
homogeneously broadened laser, when properly mode locked.
behaves similarly to a homogeneously mode-locked laser:
the sidebands of one single mode quench the mode oscilla-
tions which, under free-running conditions, are independent
of one another [14]. Using saturable absorbers for mode lock-
ing usually produces pulses whose width is at least as short as
the response times (7)) of absorbers and gain: otherwise,
shorter pulses would be produced. Fluctuations in the phase
relationship among the modes create rapid intensity fluctua-
tions, to which the net gain window cannot respond fast
enough: therefore. the fluctuations will be damped. There is,
however, a situation where mode locking by absorber differs
from active mode locking: jitters in pulse repetition rates are
not damped [25].

Finally, in semiconductor lasers, the refractive index is a
sensitive function of carrier density. In a mode-locked laser,
the density may change periodically owing to cither gain
modulation or saturation by the circulating pulse inside the
resonator, so the index of refraction may also change periodi-
cally (“chirp™). Additional broadening of the width of cach
mode due to this change is actually small because periodic in-
dex variation is just mode locking by frequency modulation:
the chirping only broadens the toral bandwidth [26] instead of
the individual mode. In any case. when the active medium
{semiconductor) occupies only a small fraction of the total

Ny

-f ~
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HO FLECTU ATIONS IN A MODE TOCKED EASER

resonator length or when the gwn modulation depth s small.
or when the pulse repetition peried s shorter than the gain re-
sponse e, as assamed throughout this paper. frequency
chirps can be ignored

N CONCTUSIONS

We have analyzed the mode-locked laser under noise per-
turbation and have tound that instead ot w ditterent random
phase tor cach niode. all the modes acquire the same random
phase This common random phase gives an adenueal finite
width in cach mode. arrespective of the power in cach mode
When the noise source 1s spontancous enission. this common
width s the same as na single mode luser operating at
power cyual to the total wverage power of the mode-locked
laser  Amphitade Huctuations are damped as in the single
mode laser Prelimunary expenimental data have already been
obtained which verity our results {12]

Thu~. the mode-locked laser has the advantages of high
peiah power. broad bundwidth. und long coherence length
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The Linewidth of a Mode-Locked Semiconductor Laser Caused by
Spontaneous Emission: Experimental Comparison to Single-Mode Operation

DWW,

Abstract— W e experimentally compare the linewidth of the individ-
ual modes of an extended cavity semiconductor laser when it operates
mode foched and when it operates single mode. We find that the line-
widths under these two operating conditions have the same inverse de-
pendence on the average power. Therefore, the coherence length of the
mode-locked source is the same as that of the single-mode source de-
spite lower power per mode, much hroader total bandwidth, and much
higher spontancous emission noise level in the mode-locked source. It
can be inferred from our data that the electric fields of over 1000 con-
secutive mode-loched pulses are correlated.

INFRODUCTION

EMICONDUCTOR lasers serve as sources in many

communication and signal processing applications be-
caune they are compact. they can be directiy modulated.
and they are compatible with optical fibers. For specific
applications which involve optical processing or commu-
nication at high data rates. the coherence properties of the
source are important. In addition to system applications,
the coherence properties of semiconductor lasers provide
an opportunity to examine the tundamental mechanism of
linewidth broadening caused by spontaneous emission.
While there have been numerous studies of the coherence
propertics of semiconductor lasers operating CW [1]-[3]
and with various modulation schemes [4]-[8]. little atten-
tion has been given to the coherence properties of mode-
locked semiconductor lasers [4]. 19]-[11]).

The power spectrum of a mode-tocked laser consists of
N equally spaced longitudinal modes which are locked in
phase. The modes are only locked in phase relative to one
another: they can still share a common random phase
which determines the width of each mode. The mode
spacing determines the repetition rate of the pulse train.
The total bandwidth that i1s locked determines the pulse-
width. whereas the width of the individual modes of the
mode-locked power spectrum determines the coherence
ume ot the pulse train {11], [12). If Qv is the FWHM
linewidth of an individual mode of 4 mode-focked spece-
trum. then the coherence time
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Is determined by the time when the envelope of the mag-
nitude ot the autocorrelation function falls to its e value.
As can be immediately verified, the number of consecu-
tive pulses whose electric fields correlate 1s 7./ where T
is the pulse period.

When a laser is mode locked. the average power P, is
distributed amony the N Jocked modes. The peak power
in the mode-locked pulse train is N - P,,. We show in
this work that the mode-locked semiconductor laser’s co-
herence length s, in fact, the same as the coherence length
when the laser is operating in a single mode with the same
average power. This 1s unexpected since. according to the
Schawlow-Townes tformula [13]. the linewidth of a mode
i a laser caused by spontaneous emission is inversely
proportional to the power P in that mode. Since the total
average power is divided among N modes when mode
locked. it might be cxpected as a consequence that the
linewidth ot each mode would be increased N times. This
1s not the case. When N modes are iocked in phase to
generate pulses. the peak power of the pulses is N times
higher than the average power. The total spontaneous
emission noise is also increased N times over that of sin-
gle-mode operation since the total bandwidth is increased
N times. Therefore. during the pulse. the ratio of signal
(o spontaneous emission noise is the same as in single-
mode operation. In between pulses. the net gain of the
laser is negative and the spontancous emission is sup-
pressed. Consequently. the random phase angle which all
the modes share fluctuates the same average amount as in
single-mode operation. This physical argument has been
substantiated in a recent analysis [11].

In a previous experiment. we compared the fringe vis-
ibilities of a semiconductor laser operating mode locked
and operating single mode [10]. However, absolute line-
widths and inverse power dependence of the hinewidth
could not be determined. In this paper. we directly com-
parc the linewidth of the individual modes of a mode-
locked external cavity semiconductor laser to the line-
width of the same source when operating in a single mode.
Our expertmental results confirm the theoretical predic-
tions of Ho [11]. The linewidths are measured using the
self-delaved heterodyne technigue [14].

ExprriveNtar Derans

The extended cavaty senmiconductor laser used for this
work 1s constructed with a Hitacht GaAtAs HLP 0O laser
diode. a 0075 pitch self-focusing (Selfocy lens, and a 0.5
pitch Seltoc lens 115]. The semiconductor laser has a re-
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Fig | Expenimental arrangement. 1L.D—laser diode. SL1—0.75 putch Sel-
foc lens with AR coating on each facet, SL2—0.5 pitch Selfoc lens with
AR coating on front facet and 70 percent reflecting coating on back tacet,
FR—Fuaraday rotator (optical solator), w,,,—acoustooptic modulator
drive frequency . wy, —mode-locking frequency

flectivity ot 33 percent at each facet. The 0.75 pitch Sel-
toc lens, which is anti-reflection (AR) coated on both fac-
ets. is butted up to the semiconductor laser. The 0.5 pitch
Seltoc tens. which is butted up to the 0.75 pitch Selfoc
lens. is AR coated on one facet and has a 70 percent re-
flection coating on the other facet which serves as the out-
put coupler tor the extended cavity laser. The extended
cavity is formed between the back facet of the semicon-
ductor laser and the 70 percent reflection facet of the 0.5
pitch Selfoc lens. The extended cavity laser has a lasing
threshold of 55 mA which is an 18 percent threshold re-
duction from its nonaligned value of 67 mA. This cavity
has a longitudinal mode spacing of 3.12 GHz, corre-
sponding to an optical length of 9.62 cm. The extended
resonator laser is not temperature controlled and no elec-
trical feedback stabilization schemes are used.

The extended cavity semiconductor laser is actively
mode locked by modulating the drive current to the laser
at 3.12 GHz, the frequency equal to the longitudinal mede
spacing of the external cavity laser. Autocorrelation traces
of the mode-locked output show a well mode-locked train
of pulses with a pulse width of 48 ps and a bandwidth-
pulsewidth product of 0.7.

Single-mode operation is achieved by simply tuming
off the microwave modulation.

The experimental arrangement is shown in Fig. 1. Light
from the extended cavity laser Hrst passes through two
NEC OD8312 optical isolators which provide 60 dB ot
solation from the measurement system. A beam splitter
picks off 20 percent of the intensity which s used to mon-
itor both the average power and the power spectrum of
the laser. An acoustooptic modulator separates the re-
maining 80 percent of the intensity into two beams. one
of which is frequency shifted by 60 MHz. The nonshifted
heam 15 coupled into a 1.0 m length of single-mode fiber.
The frequency-shifted beam is coupled into 2.3 km of sin-
gle-mode tiber which gives an optical delay of 12.3 us
The outputs of these fibers are combined at a beam splhitter
and focused onto a RCA C30950G avalanche photodiode.

e 2 LN

The signal from the photodiode is amplified and displayed
on a Hewlett-Packard 8566B spectrum analyzer.

The power spectrum of the laser is simultancousty mon-
itored by a scanning Fabry-Perot interferometer with a
free spectral range of 30 GHz and a finesse of 12. This
large free spectral range is required to observe the spec-
trum when the laser is mode locked. The signal from the
scanning Fabry-Perot is displayed on a Tektronix 7854
digital oscilloscope. The average power of the laser Is
monitored by a photodiode whose output is displayed on
a Hewlett-Packard 3437A digital voltmeter. The spectrum
analyzer. digital oscilloscope. and digital voltmeter arc
all interfaced to a Hewlett-Packard 9826 computer for case
of data acquisition and analysis.

The spectrum § of the photocurrent produced in a self-
deluyed heterodyne experiment such as this has been ana-
lyzed by Gallion and DeBarge [16] and can be expressed
as

1 .
Stw. 1) x — + Qe Ty (2)

I + (e + u.q,,):(‘r(/Z):
where w4 is the acoustooptic modulator frequency. 7 is
the fiber delay time. and 7, is the coherence time of the
laser. This formula was derived for a single mode. but as
can be easily demonstrated [17]. it is the same for cach
of the modes of a laser when it is mode locked since all
the modes share a common random phase. As the ratio of
the fiber delay time 7 to coherence time 7, increases. the
spectrum of the photocurrent approaches a true Loren-
tzian signal centered at w4, with a width equal to twice
the width of the laser mode. Using computer simulations.
we have found that for coherence times in the neighbor-
hood of 1.0 us, a delay of six times this coherence time
is required for the Lorentzian signal to be within 2 percent
of twice the original laser mode width. In our experiment,
the fiber delay time is 12.3 us. which is 20 times the lon-
gest coherence time that we measured.

EXPERIMENTAL RESULTS

We have made a direct comparison between the line-
width of the extended cavity laser operating single mode
and operating mode locked. Data of linewidth versus in-
verse power for both the mode-locked and the single-mode
case are plotted in Fig. 2. The values shown for inverse
power in Fig. 2 correspond to the power coupled out of
the 70 percent reflecting end mirror of the extended cav-
ity. This range of measured powers corresponds to a range
of drive currents between 1-7 percent above threshold.
The linewidth of a given data set1s determined by a least
squares curve fit of the photocurrent spectrum to (2). A
typical data set and its least squares fit to (2} are shown
in Fig. 3.

The mode-locked data are obtained by biasing the laser
just at threshold and increasing the power of the 312 GH/
current modulation to increase the average output power
The modulation current is up to 4 mA for the ranges ot
powers shown in Fig. 2. The mode spectrum. as mon
tored by the scanning Fabry - Perot, and the pulsewidth are
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observed to remain approximately constant over the range
ot powers shown in Fig. 2. The mode-locking trequency
is mitially adjusted to get temporal overlap of pulses at
the detector from each arm of the interferometer.

Coherence is maintained throughout the pulse. as re-
quired of mode locking, and evidenced by two experni-
mental facts: 1y the intensity correlation traces of the
pulses have no “"coherence spikes.”” and 2) the width of
the photocurrent spectrum as shown in Fig. 3 does not
change as the relative delay of the beams is changed. (Of
course. the signal disappears completely when the pulses
do not overlap.)

For the single-mode cuse. the output power of the laser
1s controlled by the de drive current. As the de drive cur-
rent 1s increased. the laser jumps through different regions
of single-mode operation. For the single mode data pre-
sented in this paper, the laser s always operating in a
single mode. but not necessarily in the same mode. Since
the cavity ¢ 1s different for the difterent modes of single-
mode operation. we expect each mode to have a slightly
difterent hinewidth versus inverse power curve. Neverthe-
fess. the single-mode Tinewidth clearly shows an inverse
power dependence.

Fig 2 <shows that the linewidths of the single-mode
source and the hinewidths of the individual modes ot the

mode-locked source are approximately equal when oper-
ating at the same average power. This is in contrast to
what would be expected for the mode-locked case if the
linewidth of each mode of the mode-locked sources was
determined by the power in that mode alone. In addition,
the inverse power dependence shown in Fig. 2 indicates
that the primary contribution to the linewidth is sponta-
neous emission noise for both the single-mode and mode-
locked cases. The residual linewidth when the laser power
1s extrapolated to infinity has been observed previously
[18]. and in our case may be caused by both electron den-
sity fluctuations |18} and mechanical instabilities in the
cavity.

It should be noted that the above conclusions are inde-
pendent of the mechanism of mode locking. whether by
amplitude or frequency modulation. In this experiment.
we mode lock a semiconductor laser by modulating its
driving current (and hence its gain) at the cavity roundtrip
frequency. However. since the refractive index of the
diode is a sensitive tunction of electron density. current
modulation invanably leads to some frequency modula-
tion (chirp). Chirping usually broadens linewidths. but in
this case. since the chirping is periodic in the cavity
roundtrip frequency. its effect is actually excitation of
other modes (i.e.. FM mode locking). There should be
very little chirping in our laser since the semiconductor
diode occupies only a very small portion of the total cav-
ity length.

The narrowest linewidth in our data for mode locking
1s 0.82 MHz, which corresponds to a coherence time of
0.4 us (1). Since the pulse repetition rate is 3.12 GHz.
there are 1200 pulses within the coherence time. and the
clectric fields of these pulses correlate.

CONCLUSIONS

We have compared the linewidths of an extended cavity
semiconductor laser operating single mode and operating
mode locked. We have found that the linewidth of the
individual modes of the mode-locked source and the line-
width of the single-mode source have the same inverse
dependence on the average power. This experimental re-
sult confirms the theoretical result of Ho [11]. A semi-
conductor laser can therefore be operated as a source of
short optical pulses at gigahertz repetition rates without
sacrificing the temporal coherence properties of the sin-
gle-mode semiconductor laser.
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o Abstract
{
.- From a colliding-pulse modelocked dve laser, we have
{%2 obtained experimental data which support New's and Haus's
)
n;: proposa: for pulse forming mechanism in a laser modelocked
iy e,

by a slow saturable absorber.
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Experimental Verification of New's and Haus's Theories of

Modelocking by a Saturable Absorber

Y. X. Wu, L. A, Vitoria, T. N. Ding, Y. H. Shyy and P.-T. Ho

Electrical Engineering Department
University of Maryland
College Park, MD 20742
U. S. A.

We report experimental investigation of the pulse forming mechanisz in
a laser modelocked by a slow saturable absorber. OQur measurements verifvy
the mechanism proposed by New [1] and Haus [2], which says that both the
saturated absorption and saturated gain have to combine together to form
a net gain which lasts only as long as the pulses generated, since either
medium alone, with a long recoverv time, is insufficient for the task.

Although manv improvements have been made on the cw modelocked dye
laser [3] which originally inspired the theories [1,2], the fundamental
pulse forming mechanism has not yet been experimentally investigated. Since
the dve laser is still the only system using a slow saturable absorber, it
is important to ascertain the mechanism of pulse forming so that other
lasers can be designed on the same principle; in particular, the semiconduc-
tor laser has many key parameters for modelocking which are close to
those of the dye laser.

The experimental set-up consists of a colliding-pulse modelocked |
laser [4]. No attempt has been made to minimize the pulse width, which is !
about 1 picosecond . The output pulse train is used to probe the time

evolution of the active media in the laser itself when it is modelocked. r

Transmissions through: (a) the absorber alone; (b) the gain alone; and
(c) the absorber and then the gain, are measured as a function of time \

delay. The delay of the probe pulse is adjusted such that it arrives at |
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the medium at about the same time as the intracavity laser pulses. Figure la

and Figure 1b show, respectively, the traismission through the saturable

absorber (DODCI) alone, and through the gain (rhodamine 6G) alone. It can

be seen that after being saturated by the cavity laser pulses, neither

medium recovers immediately. When the proble pulse passes through the

absorber and then through the gain, the transmission is entirely different (Fig lc):
the net gain (gain less saturable absorption) shows a peak on the order of

the pulse width (1 picosecond). Thus the combined saturable gain and

saturable absorption can indeed provide a net gain which lasts only about

as long as the pulses, even though either alone cannot. Our results there-

fore support the pulse forming mechanism proposed by New and Haus.

References

(1] G.H.C. New,IEEE J. Quan. Elec., QE-10, 115 (1974)

[2] H.A. Haus, ibid., QE-11, 736 (1975)

[3] E.P. Ippen, C.V. Shank, A. Dienes, Appl. Phys. Lett., 21, 348 (1972)
[4] R.L. Fork, B.I. Greene, C.V. Shank, ibid., 38, 671 (1981)

2

et '-1“ - W N A A Y
P \Q.TA t.n.}C'i" f'\'ﬁ R \- ..'.L e A e I P A



A - A el o il - add andl e " R 'k Sl el - - y - "

Wu et al., "Experimental Verification of ... Theories of Modelocking ... "

FIGURE CAPTION

FIGURE 1 Transmission of Probe Pulse vs. Time Delay
Horizontal Axis: Time Delay
Vertical Axis: Transmission (arbitary units)
(a) Transmission through Saturable Absorber Alone
(b) Transmission through Gain Alone

(c) Transmission through Absorber and then Gain
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Continuous wave mode-locked neodymium: phosphate glass laser
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We report the first successful mode locking of a cw nesdy mium phosphate glass Jaser Transform-

hmited, 80-ps pulses were generated at 1 084 um

We report the first successful mode locking of a cw neo-
dymium glass laser to generate picosecond pulses at 1 054
am. A cw pulse train offers many advantages over a burst of
pulses in some measurements and expeniments Posable ap-
phications include ranging and optical communications

Continucus wave mode loching has been achieved in
neodymium yttrium aluminum garnet lasers. but the pulse
widths are ultimatels hmited by the relativelys narrow gain
Linewidthat 1 O6um 3y ~2 - 107 Fiftv times broader
gain linewidth 1s available from neodvmium 1ons in glass
hosts ow maode locking can more efficiently utilize this
broad bandwidth to generate subpicosecond pulses Because
pulses can circulate continuously in the laser cavity they van
be shortened many umes The experiment reported here 1s
the first successful step towards this goa!

Figure 1 ¢hows the schematic of the mode-focked laser
The lasing gain medium 1s neody mium in g phosphate glass
host A ning castiy as used in thas expeniment instead of the
linear cavity used earlier for cw operation ” The pump
source 1s an argon laser ‘Spectra Phyaos 170 operating at
S$14 S nm where neadymium has @ strong absorption band
An acousto-optical modulator Intraaction AOM-TOR ac
tively mode locks the laser

The laser beam 1s at normal inaidence on the phosphate
glass to ehiminate astigmanic effects therefore the ends of
the glass are optically pohished and antireflection coated To
obtain uniform pump absorption we chose a 37 neodymium
concentration  The glass 1« wrapped inoindium fal and
placed 1n a copper block which 1c cooled by temperature-
controlled water Athermal phosphate glass was chosen to
avord thermal lensing effects

The cavity. designed with a ras tracinyg progran, allows

a large stability region with 300-mm curvature marrers The
chosen radius of curvature 1s a compromise between the o
terta of a large stability region and a low pumping threchold
The 160-mm focal length lens, which focuses the argor
pump. matches the pump beam to the laser resonatar mode
Anend pump geometny wasadopted to reduce thermal Joad
ing problems.' thereby maintaiming stable cw operatnon The
traveling-wave acousto-optie modulator 18 placed berweer,
two AR coated. 85-mm focal length lenses. s that the op:
cal beam s1ze 1s under one acoustic wavelength an the mod.
lator The modulator isdriven with 6 W of electricar powes
at the cavity round tnp frequeney about 8S MHs Anowo
logram exhibiting the 8S-MHz pulse tram s showe i Fag 0
To abign the ning cavity the argon laser s tuned 1o 4
nm where the phosphate glass has Iittle absorpiior Once
aligned, the cavity round tnp frequency and the moduia:
frequency should be matched to within tens of herte The
laser output 1s sampled with a high-speed detector and b
cavity length s tuned for maximum pulse peak intensity on
the samphing osailloscope Expernimentally. the polanizat o
of the ning laser followed that of the pump beam: Good bean,
quahty TEM | wasobservedevenwith 2 Wot pump power
attesting to the good thermal properties of the glass used
With the setup descnibed above. the luser was mode
locked to generate pricosecond pulses. Earlier expenments
used a Schott LG 760 phosphate glassrod 2mmD - 200mm
and 30-ps pulses were obtained More recently. with a glass
slab . 3mm + 1o mm - 20 mm:'and a quartz intracavity ety
lon 10 2 mm thick. 107 reflectivity . to limit the bandwidt
we generated vers stable and reproducible pulse trains Puls
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FIO 8 Second hurmonee signad generated by opicai puise imtensity aut.s
vorrelation

width s measured by the standard method of second har-
monic generation SHG tina nonhinear crystal. LilOan our
case Figure 3showsan SHG trace. which can be fit very well
with a Gaussian of 80 ps full width at half-maximum The
spectral width of these pulses. 0 3 A was measured with a
Morns-Mclrath spectrometer. vielding 3731206 Upto
1S mW power in one beam has been obtained with 2 W of
pump power

In condluvion, we have demonstrated the first mode

locking of u cw neadymium glass laser The sucoess i in par:
due to the efficiency of the end pump geometry and the e
cellent optothermal properties of recently developed 1m
proved phosphate glasses End pumping allows the glass e
withstand enough pumpenergy so that lasing can occur ever,
with several intracavity elements We are presently testing
other glasses including Kigre 0 98 and working on the gener-
ation of even shorter pulses

We would like to thank Dr Robert Gammon and Dr
Thomas D Wilkerson of the Instuitute for Physical Sciences
and Technology at the University of Mary land for their help
This paperas from a dissertation to be submitied to the Grad-
uate School, University of Maryland. by Scott A Strobel in
parual fulfiliment of the requirements for the Ph D degree in
Physics This work was supported in part by the Air Force
Office of Scienufic Research
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APPENDIX 5

Reprinted from Optics Letters. Vol. /1, page 502, August, 1956, )
Copsright T 1956 by the Optical Societs of America and reprinted by permission of the copyright owner.

Picosecond-pulse generation from a continuous-wave
neodymium:phosphate glass laser

L. Yan, }. D. Ling,

Deswriment of Electrical Engineering Universiy of MonJand. College Purh Marviand 20742

P.-T. Ho, and Chi H. Lee

Recened March 13 1986 accepted June 6. 1986

Neven-piosecond pulses at 1054 nm have been generated from a continuous-wave neodvmium:phosphate glass laser

by active mode locking

In the past few vears, many developments in neodymi-
um tNd) lasers have been made. The continuous
wave {cw) mode-locked Nd:YAG laser has become an
important pump source for the dve-laser system, but
its linewidth limits the pulse width. On the other
hand. verv short (a few picoseconds) pulses have been
generated from Nd:glass lasers.!"* but onlv by &
switching at repetition rates of a few hertz. A laser
syvstem able to generate picosecond pulses in cw opera-
tion will find many applications. In this Letter we
report the cw operation of an actively mode-locked
Nd:phosphate glass laser that can generate 7-psec
pulses at 1054 nm. These pulses are about 14 times
shorter than those from a cw mode-locked Nd:YAG
laser and 10 times shorter than those previously ob-
tained in our laboratory.*

Figure 1 is a schematic of our laser system. A 3 mm
X 16 mm X 20 mm slab of Nd:phosphate glass,” in a
ring resonator, is longitudinally pumped by the cw
output of an Ar-ion laser at 514 nm. The Nd laser is
mode locked by an acousto-optic loss modulator. Sev-
eral improvements have been made over our previous
system.? First, a standing-wave, instead of a travel-
ing-wave,* acousto-optic modulator (IntraAction
ML505J) is used for active mode locking. driven at
about 50 MHz, half of the round-trip frequency of the
ring cavity. A standing-wave modulator is believed to
give better amplitude r.odulation of light. Second.
use of a standing-wave modulator allows us to remove
the two intracavity lenses used previously,* resulting
in a reduction of the intracavity loss and optical dis-
tortion. Third, the water-cooling system of the glass
slab has been redesigned. Both the top and bottom
surfaces of the slab, wrapped in In foil, are in contact
with Cu blocks, which are cooled by temperature-con-
trolled running water. Hence the therma!loading and
distortion are reduced, and we can increase the pump
power to more than 3W. The étalon used previously?
is removed to relieve the spectral-bandwidth con-
straint.

We have found experimentally that. as the pump
power increases, the Nd:phosphate glass laser be-
comes more stable, and pulses become shorter and
coherent.  Good laser performance occurs at pump
levels well above the mode-locking threshold of ~1.1

0146-9592/86 OROHO2. (28 2 (M1 (3

-.-

W. When the pump power is below 1.6 W, pulses
longer than 250 psec are observed by a fast detector
and sampling oscilloscope, the combined rise time of
which is about 70 psec, and the characteristics of noise
bursts” are seen in the autocorrelation traces by the
standard method of intensity correlation with second-
harmonic generation. Asthe pump power increases to
1.8 to 2 W, the laser becomes more stable; the pulses
shorten to under 100 psec and are more coherent.
Very short and coherent pulses are generated at pump
levels above 2 W. Figure 2 shows the autocorrelation
trace of 7-psec pulses generated at 3 W of pump power.
The pulse width is comparable with that obtained by a
pulsed, passively mode-locked Nd:glass laser. with the
advantages of high repetition rate, synchronizibility.
and good reproducibility. The average output power
of the Nd:glass laser is about 20 mW when the pump
power is 3 W'

We have found that, to generate such short pulses. it
is important to adjust the resonator for optimum sta-
bility and to match the pump-beam profile with the
glass-laser beam. For good mode-locking operation,
the laser is very sensitive to the tuning of the modula-
tion frequency. A shift by tens of hertz of the modula-
tor driving frequency can change the pulse duration
appreciably.

While the main mechanism of mode locking is am-
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4 can be increased more than 40 times when the Nd-
laser beam is chopped inside the cavity. The expense
of the method is the broadening of pulse width to tens
of picoseconds.

In conclusion, we have generated 7-psec pulses from
a cw actively mode-locked Nd:phosphate glass laser.
The laser delivers 20 mW of average power at a 100-
MHz pulse repetition rate. We are planning to ampli-
fy and compress the pulses. A regenerative amplifier
of similar construction can provide microjoules of e
ergy per pulse at kilohertz repetition rates. Fu: .er-
- more, pulses can be compressed by an optical fiber and
grating pairs down to the femtosecond region. Sucha
laser system should have many applications in science
and technology.

We would like to thank T. J. Mcllrath, U. Hochuli.
and G. L. Burdge for lending instruments and D. Coop-
er for technical assistance. This research was sup-
ported in part by the U.S. Air Force Office of Scientific
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Fig 2. Autocorrelation trace of pulses from the Nd:phos-

e phate glass laser. A Gaussian pulse shape is assumed. Research. An anonymous reviewer corrected some
e grammatical errors.
. plitude modulation. two detailed observations lead us

. to suspect that there is also some phase modulation: References
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APPENDIX 6

An Actively Mode-locked Continuous - Wave

Nd phosphate Glass Laser Oscillator and Regenerative Amplifier

L.Yan,J).D. Ling,P.-T. Ho, And ChiH. Lee

Department Of Electrical Engineering
University Of Maryland
College Park, Maryland 20742

And

G.L. Burdge
Laboratory For Physical Sciences
4928 College Avenue
College Park, Maryland 20740

Abstract

The performance of a continuous wave actively mode-locked Nd phosphate
glass laser oscillator and a high repetition rate Nd nhosphate glass regenerative

amplifier is described. Pulses asshortas 7 psat 1 054 ym have been generated at a

100 MHz repetition rate from the laser oscillator. The oscillator output has been

s -I‘ .l.'.l' . .'.l"'l. B

amplified by 2x10° to 5 pJ per pulse at a repetition rate of 500 Hz
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Introduction

Mode-locked neodymium (Nd) lasers have become indispensable tools for
scientificresearch. Their high intensity pulses are used to study linear and nonlinear
optical phenomena[1,2]. In all applications, high reliability is required. In many
applications, electronically synchronized pulses at a high repetition rate are desired
for fast data acquisition.

Although a continuous wave (cw) actively mode-locked Nd.YAG laser can be
electronically synchronized and can generate optical pulses at a high rate, it cannot
produce short pulses reliably. Forinstance, because of its narrow fluorescence line
width (~ 5cm-1) [3,4], the Nd . YAG pulse width is limited to about 70-100 ps for
modulator driving frequencies of about 50 MHz and moderate modulation depths
[5,7]. Although passively mode-locked Nd . YAG lasers can produce 25 ps pulses [8,9]
and colliding pulse mode-locked lasers can generate 10-12 ps pulses [10], the passive
mode-locking process with a saturable dye absorber in these lasers creates a large

time jitter which prevents electronic synchronizing.

The Nd glass laser, on the other hand, has a broad linewidth (~ 200 cm-') and
can therefore generate much shorter pulses Laser pulses of a few picoseconds have
been generated from Nd:glass lasers by either passive mode-locking [11,14], or
active and passive mode-locking [15], or purely active mode-locking [16] Short
pulses from an active mode-locked Nd glass laser can be synchronized to external
equipment. However, these short pulses come with a price. Because of the small
stimulated emissior cross-section (3-4 x 102 cm?), which is an order of magnitude
smallerthan that of Nd YAG, a Nd glass laser has a much higher threshold than a

Nd YAG laser Furthermore, the thermal conductivity of Nd glassis also an order of

magnitude smaller than that of Nd YAG This makes heatdissipation difficult in

Nd g'ass, and as a re<ult, Nd glass encounters severer thermal distortions [12]




A adl aliis o hir et hd Rad aoh Bl mon &t dac

despite the small thermal-optic coefficient of Nd glass. In fact, Nd glassis more
easily fractured by thermally-induced stress than Nd:YAG. The conventional flash
lamp pumping of Nd glass generates a lot of useless heat at short wavelengths;
therefore, short pulses from these Nd glass lasers are generated by Q-swiching at a
few hertz repetition rate [11,16]. And passively mode-locked laser pulses have

inherent, stochastic fluctuations, so that stability is poor and synchronizing

impossible.

We have developed a ¢~ actively mode-locked Nd phosphate glass laser. It
combines the advantages of short pulse gereration, high repetition rate, and
synchronizability. The argon laser iongitudinal pump scheme reduces the severe
thermal problems thereby allowing cw operation [17,18]. The laser has generated
pulses asshortas 7 psat 1.054 ym at @ 100 MHz repetition rate with >20 mw of
average power [19]. in this paper, we will describe the laser construction and
performance This cw actively mode-locked ring laser also provides a unique
opportunity to study the pulse formation in an inhomogeneously broadened solid
state laser and to explore some previously unreported properties associated with a
ring laser. In the following sections we will discuss the laser characteristics and
compare the characteristics of the mode-locked homogeneously broadened laser

and otherring lasers with the Nd phosphate glass laser.

Recently, many groups [5,6,20,21} have compressed the pulses from a cw
actively mode-locked Nd.YAG laser by using an optical fiber and gratings.
Pulses have been compressed to the subpicosecond region [5,21]. However, because

of stimulated Raman scattering, the pulse energy after the compression is limited to

1t020nJ[5,6,20,21]. For higher intensity applications, the pulse energy has to be

r'."‘.:': amplified further. A Nd YAG regenerative amplifier can operate at kilohertz

E?" : (2)
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;’.::: repetition rates [22], but its narrow linewidth prevents it from amplifying short
pulses. However, a high repetition rate Nd glass amplifier system can produce
-. ultrashort pulses at high repetition rates. We will describe the first operation of
such a high repetition rate Nd glass regenerative amplifier, which can amplify the
._ pulse energy up to 5 pJ at a 500 Hz repetition rate.
o
\x Laser Oscillator
"ijl The ring resonator configuration of the laser oscillator isshown in Fig. 1. The
spherical mirror M1 through which the pump beam enters has a dichroic coating for
" maximum transmission at 514 nm. The laser medium is a rectangular Nd phosphate
glass slab 3 mm thick, 20 mm long and 15 mm wide [23]. The two 3 x 15 mm surfaces
' - are polished and antirefiection coated at 1.054pm The glassslab is wrapped with
_ " indium foil and sandwiched between two copper blocks which are cooled by
lf.. temperature - controlled running water. The Nd glassslab is longitudinally pumped
by the cw output at 514 nm from an argon ion laser, which is focused at the Nd glass
: medium with a beam waist of 65 pm A standing wave acousto-optic modulator
(IntraAction ML-505)) actively mode-locks the Nd glass taser. Both windows of the
.- modulator are AR-coated at 1.06pm The modulatorisdriven with 1.5 watts of RF
L power at about 50 MHz-half of the round trip frequency of the ring cavity - by a
frequency synthesizer with 10 Hz sensitivity and 10-9stability and by a broad band
; RF power amplifier. The modulatoris cooled by temperature - controlled running
, water.
{ CW mode-locking of the Nd phosphate glass laser was readily achieved with
E argon-ion pump power greater than 0.8 watts and with the intra-cavity acousto-
; : optic modulator tuned to a cavity resonance around 50 MHz. Although our cavity
:::_(: design provides a large stability range, we have found thatitisimportant to adjust
-
o 3)
-
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the spacing between the two spherical mirrors to the middle of the stability range.
This adjustment results in a cavity which is less sensitive to intracavity elements and
more tolerant to the thermal lensing in the glass. Moreover, by operating in the
middle of the stable range, the argon-ion pump beam profile has a better match to
that of the Nd.glass laser. The argon-ion pump laser power must be held within 0.2

watts; otherwise, lasing will cease.

The mode-locked laser performance is monitored by a fast pin-diode detector
and sampling oscilioscope. Tuning sensitivity of the acousto-optic modulator
driving frequency depends on the pulse duration itself. For instance, when pulse
widths are longer than ~ 120 ps, a few hundred hertz shift in driving frequency will
not change the pulse duration appreciably. However, when pulse widths are
shorter than~ 70 ps, even a 10 Hz shift in driving frequency can appreciably change
the pulse duration, as monitored on the sampling oscilloscope. In addition to the
acousto-optic modulator tuning effects on the pulse width, any etalons created by
intracavity elements can aiso change the pulse width, so extensive care has been

taken to avoid these effects.

A TEMgg transverse mode is essentia! for the generation of short pulses. With
good alignment, a TEM;; transverse mode is achieved without any intracavity
aperture because the focused pump beam at the medium forms an effective
aperture. However, when the resonator is not aligned well, the laser will produce
higher order transverse modes During operation with higher transverse modes,
laser pulses are long (> 150 ps), whereas during TEMpo mode operation laser pulse
widths are reduced appreciably. Such a broad pulse width for higher transverse

modes is primarily caused by non-degeneracy of the mode spacing for the

(4)
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fundamental and higher order transverse modes. For a mixture of transverse

modes, phase-locking of all the modes becomes difficult.

We have found experimentally that the argon-ion pump level plays an
importantrole in the overall performance of the Nd.glass laser. Basically, as the
pump power increases, the laser stability and the pulse coherence improve, and the
pulse width getsshorter. Fig 2 summarizes the pulse widths observed at different
pump powers. When the Nd.phosphate glass medium is pumped below 1.1 watts,
the laser outputis not stable and only = 100 ps pulse widths can be attained, as
observed on the sampling oscilioscope. When the pump powerisincreased to 1.2
watts, pulse widths shorter than 100 ps are observed. And when the pump power s
increased to above 1.4 watts, pulse widths less than 50 ps are measured. (These
short pulse widths were measured by the standard colinear intensity
autocorrelation method{24].) When the pump power exceeds 1.8 watts, good
stable laser operationsachieved The sampling oscillogram of laser pulses (Fig 3)
shows the good stability and reproducibility of the laser, although the pulse width 1s
shorter than the detection bandwidth Iimit of 73 ps. The autocorrelation
measurements yield pulse widths typically between 20 to 30 ps with good coherence
characteristics. Atapump power of ~3.2 watts, we obtained the shortest pulse width
of 7 ps(Fig. 4). (To avoid possible damage to the Nd glass slab, we did not use pump

powers higher than 3.3 watts.)

The improved performance of the laser as the pump power increases can be
explained qualitatively as follows Although the Nd phosphate glass is nominally

inhomogeneously broadened with an effective fluorescence linewidth Af= 6x 10"

Hz, the homogeneous width of each constituention speciesis about 6 x 10" Hz[25]

=

2,

This homogeneous width 1s broad enough to cover many longitud.nal modes of the

e (5)
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resonator (mode spacing = 100 MHz). The laser is neither strictly homogeneously
broadened nor strictly inhomogeneously broadened, but rather it is more
homogeneously broadened at low pumping levels and increasingly
inhomogeneously broadened at higher pumping levels. Mode-locking a
homogeneously broadened laser is more difficult as the bandwidth comes from
sideband generation. Mode-locking an inhomogeneously broadened laser is easter,
since the bandwidth is already there. Only a smaliinjection signal from sideband
generation is required to lock in phase the different components within the free-
running bandwidth. Thusin our case, at lower pumping levels we can estimate the
pulse width 1 using theories for actively mode-locked homogeneous lasers [26]. As
the pumping level increases, the laser becomes more inhomogeneously broadened
and the free-running bandwidth increases. We can expect the pulse width to
decrease as the longitidinal modes within the increased bandwidth are locked |
together, which isindeed what we observe experimentally. ‘
The steady state pulse width :_expected from active mode-locking a

homogeneously broadened laser is [26, 27):

1 = —_—
P n 82 f"rl’f

m

(21n2\’( £ )*( 1 )&

for the single pass amplitude transmission given by

m(1)=ms(6msm2nfmt} (21
where Afis the gain linewidth, fm is the modulator driving frequency, 8m 1s the
modulation depth and g = § In (1/Re#) is the saturated round trip amplitude ga:in

Reffis the effective power reflectivity including all cavity losses

(6)
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in our experiment, the following parameters are used or estimated  the
Nd:phosphate glass effective fluorescence linewidth Af = 6 x 10°? Hz, fm = 50 MHz,
8m = 0.4,and g = 0.064. With these parameters, the pulse width expected from Eqn.
1is T, = 17 ps Thisvalue is comparable to the 20 - 25 ps pulse widths observed
experimentally at some moderate pumping level:. We do observe quite a large
pulse width variation atlower pumping levels (See Fig. 2). However, in thisunstable
region of operation the Kuizenga-Siegman theory [26] can no longer be applied

At our highest pump power, the shortest pulse generated (only 7 ps) was about
twice as short as that predicted by Egn. 1. The simultaneous measurement of the
pulse spectrum by a spectrometer with ascanning diode array [28] yieldsa 5.5 A
pulse bandwidth (Fig. 5). We think thatsuch short pulse generation refiects the
following two facts: 1) the increasing importance of inhomogeneous broadening
and 2) the involvement of phase modulfation. We note that the bandwidth of the 7
ps pulses, 5.5 A, now approaches the homogeneous linewidth. Asthe Nd glass
behaves more like an inhomogeneously broadened gain medium, the free-running
bandw:dth increases and mode-locking is facilitated. Although coherent, the
shortest pulses we obtained, 7 ps, did have a bandwidth broader than the minimum
required by Founer transform. (The measured product of pulse width - bandwidth

is~ 1.1). Amodulated structure can clearly be seen in the pulse spectrum (Fig. 5),th:s

structure indrcates that such short puises are indeed phase moduliated. Phase

i
d

S$ modulation broadens the pulse spectral bandw:dth, and under proper cond.tions, it
S can generate very short pulses
e
£
t':: Self-phase-modulation (SPM) occurs commonly in high power Nd glass lasers
E;:Z: [12,16,29] In arecentexperniment, Tomie [16] generated 4 ps pulses at the second
S n

harmonic from an actively mode-locked and Q-switched Nd phosphate giass laser

WANNN SN

The mechanism for generating such short pulses 1s found to be the SPM and
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: interference through a thin etalon [16]. The intracavity laser intensity in that
\' experiment s 300 MW/cm-, which is above the SPM onset intensity of 150 MW/cm-
[11]. In our experiment, however, the focused intracavity laser intensity at the
- Nd glass medium is about 30 MW./cm?(15nJ intracavity pulse energy and beam waist
.‘ of 58 ym) even for a pulse duration of 10 ps. The laser intensity at the acousto-optic
modulator is two orders of magnitude lower than that at the laser gain medium.
Furthermore, no thin etalon isinserted inside our laser cavity. The shortest
. intracavity elementis the 2 cm long Nd phosphate glass slab, hence, when the pulse
Z duration is less than 100 ps, any possible interference caused by the slab s expected ’
to be very weak. Therefore, the SPM effect, at least, is not the main pulse shaping
Y mechanism. Instead, we observe a corretation between the onset of the modulated
' pulse spectrum and a tuning of the modulator driving frequency. Atacertain
modulator driving frequency, the laser generates pulses (~ 20 ps) which yield a
‘ smooth bell-shaped pulse spectrum with a 2 7 A bandwidth. When the modulator
_f: driving frequency 1s tuned about 1KHz above the cavity resonance frequency, the
pulse spectrum broadens and the modulated structure appears. This suggests that
= some phase modulationisintroduced through the detuning in the modulation
::: process and that this phase modulation isinvolved in the pulse shaping In fact, for
:';.: the case of mode-locking by FM modulation [26] when the pulse repetition
.’i frequency (twice the modulator driving frequency) 1s detuned above the cavity
resonance frequency, the laser pulse width is actually shortened The short puise
generation mechanismin our experimentis not yet fully understood, and work on
| this effectis continuing.
Also, we have observed adirectional asymmetry of laser osciliation in our
actively mode-locked ring laser oscillator. 'With the acousto-optic modulator driving
" power off, cw laser oscillatiorn: occurs in both counter propagating directions with
-
nearly equal intensity However, with the modulator driving power on and with the
X
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Nd giass laser aligned to give short pulses, the oscillation intensity in one direction
is much greater (= 20 times) than that in the other direction. The laser power drop-
off in one direction is usually accompanied by an increase in power in the counter
propagating beam. By adjusting the acousto-optic modulator elevation angle
(around the Bragg angle), we can flip the dominant laser oscillation from one
direction to the other direction. Mandel and Abraham [30] and Lettet al. [31] have
studied the stability of a bidirectional homogeneously broadened ring laser. Fora
single longitudinal mode oscillation in two directional modes, they found that the
symmetric solution is always unstable above threshold, whereas the asymmetric
solution has a finite domain of stability. Destabilization of this asymmetric solution
causes spontaneous and random switching between the zero-intensity mode and
the oscillating mode. However, for multi-mode lasers, especially mode-locked ring
lasers, no theoretical or experimental resuits of such directional asymmetry of
oscillation have been reported. In fact, colliding pulse mode-locking of a ring laser
[32] requires two equally intense beams in the two counter propagating directions
Tomov et al. [33] reported a unidirectional traveling wave operation of their mode-
locked Nd glassring laser. Butin theirset-up a saturable absorber cell was placed
near one end of the laser medium to generate directional discrimination, and the
unidirectional oscillation i1s unique. In our experiment, no discriminative element s
deliberately inserted inside the ring cavity, and the modulator is placed a quarter of
the cavity length away from the laser medium. Since the fluorescence iifetime of
the Nd:glass ( = 300us) is much longer than the cavity round trip time (10 ns), cross

saturation effects should be negligible . The mechanism of this previously

unreported asymmetricdirectional oscillation in an actively mode-locked Nd glass
ring laser s not well understood. However, we can again correlate the asymmetric
oscillation to the pulse narrowing via the gain level increase since the gain in one

direction wili be enhanced if an asymmetric oscillation favors that direction.

(9)
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We have also studied the NG g ass laser behavior when a mechanical chopper s

used to chop (at a rate betwee~ 200 10 500 Hz) e ther the IR laser beam inside the
cavity or the argon-ion laser o p beam outs.de the cavity In both cases,
simultaneous mode-locking of ind:v-dual pulses and envelope re'axation osallation
occur asshown inFig 6 The perod of the envelope relaxation peaks is about 50 ~ 60
ps, and the width of the in:it.a sp ke 's about Tus. After about 600 ps, the envelope
of the mode-locked pulses reacres its steady state value Similar phenomena have
been observed before [34,35] .n the prelase stage of actively mode-locked and Q-
switched Nd YAG lasers, and t~e envelope relaxation oscillation is the well known
result of the transientinterp'ay among the population inversion, the intracavity

photon flux and the photon decay time [36]

The pulse energy at the peak of the initial spike i1s increased 40 times over the
pulse energy at the steady state when we thop the infrared beam inside the cavity
while we cw pump the Nd phosphate glass. The pulse energy increases at the
expense of an increase in pulse width. Autocorrelation traces of pulses from this
mode-locking and relaxation oscillation show the characternisticof aspkeon a

broader (80 to 100 ps) shoulder

Regenerative Amplifier

We have also developed a linear cw-pumped Nd phosphate glass regenerative
amplifier asshown in Fig. 7. (Like the oscillator, the amplifier is also cw pumped
which allows operation at high repetition rates ) The resonator is constructed from
two high-reflection (1.06um) coated plane parallel mirrorsand af = 85 mm
focusing lens Thisresonator s similar to the oscillator ring resonator except that a

different focusing lens and resonator length have been used A2x 15x20mm
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Nd phosphate glass slab (Schott LG 760) provides the gain. The cooling scheme for

the laser glass slab is the same as that used in the oscillator. A single intracavity
Pockels cell [Medox 0690-KDP] is used in the regenerative amptifier. During the on
stage, the Pockels cell introduces a quarter wave retardation and during the off
stage itintroduces a full wave retardation. The Pockels cell, combined with a
quarter-wave plate and a thin film polarizer, traps the injected pulse and later
dumps itout of the regenerative amplifier. Phase locking of the regenerative
amplifier with the injected mode-locked pulse 1s maintained by driving the Pocke's
cell at 500 Hz down-shifted from the 50 MHz driving frequency of the iaser oscillator
acousto-optic modulator. To minimize loss, all intracavity elements are anti-

reflection coated at 1 06um

Toisolate the regenerative amplifier from the oscillator and extract the
amplified pulses from the amptifier we use aR= 10% beam splitter. The beam wast
of the oscillator 1simaged by a lens to match the larger amplifier waist so that the
diffraction loss of the injected pulse energy can be minimized. This approach
maintains a high energy contrast ratio of the initial injected pulse to the
spontaneous emission from the amplifier and thereby minimizes the amp!.fied

SpONtaneous emission.

A portion (~20 pJ) of the 20 ps output puise train from the ¢w mode-locked

Nd phosphate glass laser oscillator is injected into the regenerative amplifier

P
LA

AR T R A
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e

When the regenerative ampiifier is pumped with 1.8 watts of argon ion laser

v power, the injected pulse is amplified to maximum energy after about 300 round
L

'E';j- trip passes and then is dumped out from the amplifier. An amplified pulse energy
>

F of 1uJ (5x10° amplification) has been realized with this regenerative amptifier

{, (When thermal birefringence i1s compensated for, ther. SuJ output pulses can be
b

¢ v
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produced. Thisisdiscussed later.) The 500 Hz repetition rate i1s presently limited by
the Pockels cell. However, the cw pump scheme should allow a 2 KHz repetition
rate operation ultimately limited by upper level lifetime.

Preliminary streak camera measurements of the amplified pulse width show a
primary peak 50 ~ 60 ps in width (Fig 8) and smaller satellites about 1 nsaway. Two
causes for thislong pulse width are possible. One is the gain saturation which can
cause the line-narrowing of the gain medium. However, because of the much
broader linewidth of Nd glass than the pulse bandwidth, this line-narrowing will
not affect the pulse bandwidth until the amplification is near its peak. Another
possible cause could be the SPM which might occur in the later stage of the
amplification process. Although we believe that self-phase modulation is not
occurring in the oscillator because of the low power density, we should note that
the pulse energy can be 40 times greater inside the regenerative amplifier than
inside the oscillator. Thus, strong self-phase modulation may occur leading to the
pulse broadening observed. Such pulse broadening could be eliminated by
compressing the amplifier output with a grating pair. Considering the broad
linewidth of Nd glass, one could expect amplification of pulses as short as 200 fs. (A
low repetition rate Nd glass chirped pulse amplifier and compression system
produced 2 ps pulses with the possibility of subpicosecond pulse performance [37,
38])

Even when the regenerative amplifier s aligned to have a net gain greater than
one, the relatively long amplification process (~ 300 round trips) indicates that the
unsaturated net gain of the regenerative amplifier issmall We find that this small
unsaturated net gain is caused by thermal birefringence. Thermal birefringence
and thermal lensing effects are well known for high power Nd.YAG and Nd glass
lasers [39] Our experimental studies {40], in accordance with theory, show that

under tight focusing even a few watts of absorbed heat can cause strong thermal

(12)




. lensing and thermal birefringence Using a mechanical chopper to chop the argon-
ion laser pump beam, we observe the effect of the thermal birefringence loss. The
laser leakage output from one end mirror 1s monitored by a pin-diode detector

:Eii which is calibrated by a caloric power meter. With a polarizer inside the cavity and
- with the pump beam chopped at a 50 percent duty cycle, the laser output
monotonically decreases after the initial relaxation oscillations (about 600 ps)
during the lasing period. The laser output about 600 ps after lasing begins is
compared with the laser output when cw pumping isused Similar experiments are
done with the polarizer removed. Fig 9summarizesourresults Aithough the laser
alignment has not been optimized, the dramatic difference between cw pumping
and chopped pumping with and without the intracavity polarizer clearly reflects the

’ effect of the thermal birefringence loss.

There are severa! poss:ble solutions to the thermal probfem. One can use a
semiconductor diode laser or diode laser array as the pump source. The diode laser
pump at ~ 800 nm has a better quantum efficiency and probably a better branching
ratio than the argon-ion laser pump at 514 nm. Thus, for a given gain level the
N residual heat can be reduced by a factor of more than 3 as compared with argon-ion
o laser pumping Recent experiments with diode-laser-array-pumped solid state
lasers have shown high efficiency [41, 42], and the development of high power

d.ode-laser-array pumping shows a promising future (43}

To avoid unnecessary heat generation, synchronous pumping up to 2 KHz can
replace cw pumping, since one does not have to pump longer than the 300 p sec
fluorescence ifetime of Nd’-. The unnecessary heat generated between each

period of energy storage and amplification can thus be removed. High repetition

(13)
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rate periodic pumping can be achieved either by using a quasi-cw diode laser array

or by simply chopping the pump laser beam at a high repetition rate.

An alternative solution to the thermal problem is a thermal-birefringence-
compensated resonator (44]. Fig. 10 s the schematicof a variant. It isdesigned
specifically to accommodate the symmetricdouble end-pumping of two Nd glass
slabs. The 90 crystal quartz polarization rotator, placed between the two Nd glass
slabs, flips the radial and tangential field components at every point in the
transverse beam profile. Thus, the difference between the radial index and the
tangential index caused by thermal stress in one Nd glass slab is compensated for in
the second Nd glass slab because the field components have been switched. With
thisthermal-birefringence-compensated regenerative amplifier, we have amplified
the pulse energy to 5 pJ in about 110 round trips atthe same 1.8 watt pump power
used to pump the previously-configured regenerative ampl:fier. (We have end-
pumped each phosphate glass siabwith 0 9 watts) Thisrepresents a factorof 5
increase in the amplified pulse energy and a reduction of about 3 in the buiid-up

time.
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_‘ ' Summary
k_) We have described the performance of a cw actively mode-locked Nd . phosphate
glass laser oscillator and a high repetition rate Nd phosphate glass regenerative
amplifier. A 100 MHz pulse train at 1.054 ym has been generated with 7 ps pulse
widths and an average output power of >20 mW._ By mechanically chopping the
-EI;:: Nd glass !aser beam in the cavity we increased the pulse energy 40 times at the
::3::; expense of broadening the pulse width. Moreover, we found that the gain leve! of
g
‘ the Nd phosphate glass laser is important in generating short and coherent laser
-
-:'_:x' pulses. At moderate pumping leve's a pulse width ~ 20 ps s produced which agrees
U
:Z':.: with the value expected from a theory for the actively mode-locked homogeneous
‘ ‘ laser. At high pump fevels even shorter pulses are generated, and phase
S.‘:ZS modulation, introduced through the detuning in the modulation process, 15
::tij involved in the pulse shaping By compensating for the therma! birefringence, we
_ designed aregenerative ampiifier which amplified the laser pu'ses from the cw
A
’\ actively mode-locked Nd phosphate glass osciliator to 5 pJtat a 500 Hz repetition
.n:.*
rate. In addition, only asingie argon-ion laser pumped both the oscillator and the
%
viv regenerative amplifier. Furthermore, the Nd glass medium nas the notert.al for
b amplifying pulses as short as 200 ‘s at a high repetition rate
-
¥
4
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Figure Captions:

Figure 1: Schematic of the cw actively mode-locked Nd.phosphate glass laser
oscillator. M1 - dichroic-coated plano-concave mirrorwithR =30 cm.
M2 -R =30cm plano-concave mirror with HR coating. M3, M5 - plano
mirrors with HR coating. M4 - plano mirror with a reflectance 0of 973

Figure 2: Pulse widths observed at different pump powzcrs. The solid squares
are measured by a sampling oscilloscope; the circles are measured by
autocorrelation.

Figure 3: Sampling oscillogram of the cw mode-locked pulses. The combined
response time of the detector and the sampling oscilloscope s 73 ps
(FWHM).

Figure 4. Autocorrelation trace of puises from the cw mode-locked
Nd.phosphate glass laser. A Gaussian pulse shape isassumed. The 3 to
1ratio indicates that pulses are coherent.

Figure 5 Spectrum of pulses of 7 psec pulse width. FWHM = 55A. The
spectrometer has aresolution of 0.156 A'diode at 1ym.

Figure 6 Simultaneous mode-locking and relaxation oscitlations when the pump
beam outside the cavity 1s chopped. Although the individual mode-
locked pulses cannot be resoived, the envelope refaxation osciliations
can be seen cleary

Figure 7 Schematic ot the iinear Nd phosphate glass regenerative amplhifier M?
- plano mirror with dichroic coatings M2 - plano mirror with HR
coating L-lenswithf=85cm BS1-beamsplitter with reflectance

of ~10% at 1 054 ym. BS2 - beam sphitter with reflectance of ~50°: at 514

nm
Figure 8 Streak camera p:cture of the amp!lified pulse The pulse width 15 50 ps
o (FWHM).
e
I’I
o
L X (22)
2
Nl e L e e T e e s

“a % e [ 1 "% e : L i Y y
YR ...51 '&4."-‘1'; WA 5-;- .‘m‘ VRTINS T T SN TGN P DI I N RS I 2




[ T RN R R R R R ata At £ San Ane Gty v bhe B e b ko Calke cale iad. i Aah talk Ml Sud sel Sol §o8 Sokt s d® MAth AN A0 B0 A5 6 SO0 s oAl ook o bt iy |
- ? - - - - - .

Figure 9: Laser output as observed through mirror M2 of the linear cavity. The
Pockels cell and the quarter-wave plate are removed. Outputs for four
cases are observed with or without the intracavity polarizer for either
chopped or cw pumping. For the chopped pumping case the plotted
power was measured about 600 ps after initial lasing.

Figure 10.  Schematic of the thermal birefringence compensated Nd phosphate
glass regenerative amplifier. The two Nd phosphate glass slabs are the
same (Schott LG 760) M1 -dichroic-coated plano-concave mirror with
R=10cm. M2 -dichroic- coated plano-concave mirror with R =30 cm
M3 - plano mirror with HR coating BS?1- beamsplitter with R~10°: at

1054 pm and R~50% at 514 nm.
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APPENDIX 7

Investigation of a New Optoelectronic CW
Microwave Source

CHRISTOPHER J. CLARK, EVE A. CHAUCHARD, KEVIN J. WEBB, MEMBER, IEEE.
KAWTHAR A. ZAKI, CHI H. LEE, senIOrR MEMBER, 1EEe, PENELOPE POLAK-DINGLES.
HING-LOI A. HUNG, anp HO C. HUANG

Abstract—A new 10-GHz microwsve source which utilizes pico-

) into the optical form. Thus, a technology for conversion
second photoconductors is presented. Experimental results are given,

between optical and electrical waveforms and vice-versa

fncluding details of a comprehensive noise study. Such & source can be
extended to millimeter-wave frequencies, with application to mono-
lithic active phased arra) sntenna elements, high speed data process-
ing. and transceivers.

INTRODUCTION

HE PRECISE generation and control of microwave

and millimeter-wave signals using integrated tech-
nology is essential for the next generation of high-speed
broad-band system.. It is desirable to utilize optoelec-
tronic components where possible for such applications as
microwave and millimeter-wave signal processing, re-
ceivers/transmitters, and phased array antennas. We now
have at our disposal optoelectronic devices that work in
the picosecond time domain. The trend is toward a class
of devices which integrate optics into electronic func-
tions. We classify this class of devices into the category
of picosecond optical electronics, which combines the

is needed. Electrical pulses can be converted into optical
pulses by: 1) electrooptic modulation in an optical chan-
nel waveguide, or 2) direct modulation of a laser diode
by the pulse current.

The general class of switching devices based on the pi-
cosecond photoconductivity effect has received consider-
able attention recently [1]. The photoconductivity eflect
is the long wavelength limit of a more general phenomena
in which the complex dielectric constant of the semicon-
ducting medium is modified by the introduction of an op-
tically induced electron-hole plasma. When the dimen-
sion of the plasma region is much smaller than the
wavelength of the electrical signals to be controlied. the
plasma region may be regarded as a lumped circuit ele-
ment. Most semiconductor switches are in this category
and they are regarded as conductive mode switches.

Ultrafast optoelectronic switching is an imponant ap-
plication for conductive switches. The devices can be cat-

fields of optics and electronics [1]-[3]. The link for these
two fields is picosecond photoconductivity [1].

The picosecond photoconductivity effect is the genera-
tion of an ultrashort photo-current signal in a photocon-
ductor when it is illuminated by an ultrashon optical pulse.
For example, 8-femtosecond (fs) optical pulses have been
observed {2]. The unique feature of the picosecond opti-
cal device is its ability to generate low-noise electronic
pulses synchronized with the optical pulses. For frequen-

egorized into low and high voltage applications. In the
low voltage application, the device is used as a high speed
optical detector or fast sampler. The important character-
istics are fast rise and decay times for the electrical signal.
This generally necessitates a short camier lifeime, even
though this results in the disadvantage of low mobility. In
the high volhiage application the device is used as a jitter-
free switch with extremely fast (a few picoseconds) tumn-
on time [3]. We have demonstrated the high voltage

LI BN el

st
v

r‘.'z‘.

LR

9o cies through Ka-band, a high-speed microelectronic  gyiiching using Cr:GaAs, CdS,sSeos, and insulating
o amplifier, utilizing high electron mobility transistors  4i2nond.

~ (HEMT's), may be integrated with the photoconductor The rise time of the photoconductive signal can ap-
M switch. Dispersion in microstrip interconnects will de-

proach the rise time of the optical pulse, which can be on

;-::-;. grade tl'fe ‘pulse shape. Therefore, for relatively large dis- (e order of 10 fs (terahenz spectral components). The
A tances, it is necessary to convert the electrical signals back  ¢jectrical pulse fall time is primarily determined by the
}"” cammier lifetime, which can be engineered to be as short as
, ' , 1ps.
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- Force Office of Scientific Research. on the picosecond photoconductivity effect. They include
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relators, A /D converters, optical detectors, dc to RF
converters and coherent microwave/millimeter-wave gen-
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Fig 1. Basic expenmental setup for generating CW microwave signals

from a mode-locked laser.

microelectronic devices. These features lend the device to
applications such as: high data rate signal processing, high
speed detectors, streak camera triggering, millimeter-
wave phase shifting and modulating, ultra-short high
power pulse generation, microwave and millimeter-wave
sources, and on-chip picosecond diagnostics. A poten-
tially powerful application for the device when used as a
coherent CW source is in a phased array antenna. Optical
techniques for feeding arrays have received considerable
attention recently {4]-[7]. The central issue is to provide
the correct phase and amplitude excitation at each element
of the array in a manner which allows rapid scanning. A
photoccenductive switch with an appropriate filter and am-
plifier could be placed at each element in the array. The
phase of excitation can then be controlled optically. Such
an array of active elements can be monolithically inte-
grated. The picosecond photoconductor can also be used
to realize a pulse code modulator (PCM) by switching a
microwave/millimeter-wave signal at appropniate inter-
vals. Such a system permits very high modulation rates.

We have demonstrated earlier the generation of 3-GHz
CW signals by the pulse excitation of a resonant cavity
{8]. The generation of short pulses of microwave signals
has been reported {9]-[11]. Also, a 3-GHz CW signal has
been generated by using a mode-locked krypton-ion laser
with both an avalanche photodiode and an optoelectronic
switch [12]. In [13], a technique involving the FM side-
band injection locking of a laser diode has been used to
generate a 35-GHz CW signal. This was done by beating
two longitudinal modes of a diode laser in a high-speed
p-i-n detector. This technique requires accurate tempera-
ture stabilization of the lasers and provides a signal level
of —53 dBm.

This paper will elaborate on the realization of a 10-GHz
CW microwave source using the photoconductivity effect.
An advantage of this technique is that the components re-
quired are relatively easy to obtain and use. The technique
requires a minimum number of components: a source of
short optical pulses (a mode-locked laser), a picosecond
optical switch, a microwave filter, and an amplifier. Each
of these components have the flexibility of being reduced
in size so that the entire configuration may be integrated
onto a single substrate. This will enhance the overall per-
formance by minimizing the detrimental effects of disper-

______

sion, connectors, and cables. The output power and sta-
bility of the signal generated by this technique are the most
critical factors in determining its applicability. The short
term stability of the source is of particular importance and
has not previously been considered in detail for this ap-
plication. Methods for increasing the power level and im-
proving the amplitude and frequency stability of the out-
put signal are discussed.

EXPERIMENTAL SETUP

The experimental configuration for the generation of
CW microwave signals with picosecond photoconductors
is shown in Fig. 1. A synchronously pumped dye laser
operating at 590 nm is used to obtain 3-ps FWHM optical
pulses at a repetition rate of 100 MHz. These pulses are
applied to a biased photoconductive switch. The switch
may be designed such that the output electrical pulses have
rise times that are limited by the rise time of the optical
pulse. The spectral components produced at the switch
output extend up to tens of gigahertz and are spaced every
100 MHz, corresponding to the harmonics of the pulse
train generated. The switch is matched to 50 Q and fed to
a narrow-band bandpass filter. The passband of this filter
is narrow enough so that only a single spectral component
will be present at the output. The low noise amplifier pro-
vides the signal with gain so that the signal may be ana-
lyzed on a sampling oscilloscope.

This setup is also used to measure the frequency stabil-
ity of the CW signal generated. This is done by measuring
the phase noise on the spectral components with the spec-
trum analyzer. The noise on the CW signal generated re-
sults primarily from the jitter of the optical pulses gener-
ated by the mode-locked laser. Since the picosecond
switch introduces negligible jitter in comparison, this
setup may be used as a diagnostic tool for the operation
of the laser system. Both AM and FM noise in the optical
pulse train appear as noise sidebands on each spectral
component. The large number of spectral components
permit the observation of the relative amount of AM and
FM noise produced by the laser system as a function of
the harmonic number. Each spectral component may be
considered as a signal obtained by frequency multiplying
the fundamental component by its corresponding har-
monic number. The AM noise remains constant with har-
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monic number but FM noise is proportional to the square
of the harmonic number {14]. This statement is correct
for an ideal frequency multiplication process where the
harmonic number is considered as the multiplication fac-
tor. The AM and FM noise produced by the laser will
correspond to amplitude and phase fluctuations in the CW
signal generated.

THe P1coSeCcOND PHOTOCONDUCTIVE SWITCH

The basic photoconductive switch is shown in Fig. 2.
It consists of a microstrip transmission line structure with
a small gap which separates the input from the output.
The structure is fabricated on a semi-insulating photocon-
ductive substrate. In this work a Cr-doped GaAs substrate
with a 100-um gap was used. When the gap is in the dark
state (no optical illumination), the high resistivity of the
semi-insulating substrate will provide a path of extremely
low conductance. This high impedance state gives the
switch excellent noise rejection properties since the dark
current generated by the bias voltage is extremely low.
When an optical pulse is focused on the switch gap. a
temporary electron-hole plasma is formed, connecting the
input to the output. This action produces an electrical
pulse with a rise time approaching the optical pulse nise
time and a fall time related primarily to the carrier recom-
bination time. The microstrip transmission line has a
characteristic impedance of 50 {2, which allows for stan-
dard SMA input and output connections which minimize
reflections and pulse broadening.

The photoconductive switch has been modeled by Aus-
ton [15) in terms of macroscopic circuit elements. The
model consists of a conductance G(1) in parallel with a
capacitance C, which are embedded in a transmission line
structure. Noting that this simplified model has an inher-
ent RC time constant, the geometry and dimensions of the
gap are critical for high speed switch operation. The ca-
pacitance of a 100-um gap embedded in a 50-Q1 microstrip
. line with a relative permittivity of 10 is approximately 25
e fF [16].

A general expression for the switch conductance G(r)

h A
< Ta
<
R

Pl Pl

S
L was obtained in [15] by considering the dissipated power
5-:-:—1‘4 in the photoconductor and using Ohm's law. The con-
:,'I ductance consists of two parts: the constant dark conduc-
ol tivity Gy, and a time varying conductance g (7). To obtain
A an expression for g (1), the electric field distribution in the
wLe gap must be known. The field distribution in the gap is a
O function of both the switch electrode geometry and the
- distribution of the optically induced charged camiers.
L When low level optical illumination is applied to the gap,
e the carrier concentration is low compared to the equilib-
S rum concentration so that 0 < g << G, and the field
e distribution is basically unchanged. An expression for the
p’ case of low level optical injection is given by [15):
’l "-
e G(1) = G, + g(1)
2 (1), + p(1)
’ n
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Fig 2 Picosecond photoconductive switch

where R is the reflectivity of the semiconductor surface,
e is the charge of an electron, w is the optical angular
frequency, n(f) and p(t) are the time varying electron
and hole concentrations, u, and u, are the electron and
hole mobilities, I is the width of the gap, and W, is the
total energy in the optical pulse. When high level optical
illumination is applied to the gap, the induced carmer con-
centrations are much higher than the equilibnum concen-
trations, so that g >> G;. A large space charge field is
created as the generated electrons and holes drift apan.
The addition of this space charge fieid completely alters
the equilibrium electric field distribution. The distribution
of the field may be calculated by solving Poisson's equa-
tion if the charge distribution and dynamics are known.
If the dimensions of the gap are selected to achieve the
rise time desired, a simpler model may be used to predict
the switch response. Neglecting the gap capacitance, the
equivalent circuit reduces to a simple time varying con-
ductance inserted in a transmission line of characteristic
impedance Z,. Transmission line analysis may be applied
to obtain the solution for the transmitted voltage wave as

N 7
27, + 1/G(1)

where V,, is the input bias voltage. If we assume constant
carrier mobilities, G() is proportional to the carrier con-
centrations, n(¢) and p(¢). Then for small concentration
carrier values, V,,, is proportional to G(r). When the car-
rier concentration becomes large, V,, will saturate at
V.n/2. An electron-hole pair is generated almost simul-
taneously with the absorption of a photon from the optical
beam. Assuming the carrier concentration is low, the out-
put waveform will emulate the leading edge of the optical
pulse. Slow carrier recombination times cause an ex-
tended fall time in the output waveform. When a laser
pulse with a duration which is much shorter than the car-
rier recombination time is applied to the switch, the out-
put will resemble a single sided exponential pulse. Fig. 3
shows the output of the 100-um Cr: GaAs switch with an
input bias voltage of 15 V. The gap of the switch was
illuminated with 3-ps FWHM pulses with an average
power of 280 mW. The pulses occur every 10 ns, corre-
sponding to the 100-MHz optical pulse repetition rate of
the laser. The measured pulse fall time is approximately
] ns.

Fourier analysis may be used to show that the band-

(2)
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Fig 3. Output waveform from a Cr: GaAs switch with 2 100-um gap and
8 15-V bias when illuminated with 6 ps. FWHM opuical pulses with an
average power of 280 mW'.
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Fig. 4. Averaged power spectrum of the waveform shown in Fig 3.

width of the power spectrum of a pulse train is extended
by decreasing the pulse rise and fall times. The rise time
of the electrical pulse generated by the switch is limited
by the laser’s optical pulse rise time (approximately 3 ps).
To achieve a short pulse fall time, it is necessary to use
semiconductor materials which have a fast carrier recom-
bination time. The length of the microstrip line must be
kept to a minimum in order to prevent the degradation of
the pulse rise time that results from dispersion. Fig. 4
shows the averaged output power spectrum produced by
the waveform shown in Fig. 3. The spectral components
are spaced every 100 MHz, corresponding to the Fourier
series representation of the periodic pulse train. The en-
velope of the discrete spectrum is the Fourier transform
of the pulse shape. The 1.6-GHz oscillatory nature of the
envelope is most likely due to resonance effects caused by
the photoconductor packaging and is being investigated
further. Fig. 4 shows that the power spectrum extends to
at least 20 GHz.

THe CouprLeD CaviTy FILTER

A single frequency 10-GHz signal may be obtained if a
bandpass filter is used to select only the 10-GHz spectral
component from the switch output spectrum. The speci-
fications for this filter are stringent in terms of the re-
quired rejection of the adjacent harmonics and low pass-
band insertion loss. A filter with at least 30 dB of stopband
insertion loss is required to sufficiently reject the two ad-
jacent harmonics which are 100-MHz2 offset from the 10-
GHz spectral component. The passband insertion loss of
the filter must be kept to a minimum since the power level
of the 10-GHz hamonic is approximately —50 dBm.

COUPLING My,

COUPLING M,,

COUPLING M, &k M,,

Fig. 5. Circular waveguide coupled cavity filter

These requirements are most effectively met through the
use of a narrow-band coupled waveguide filter with sharp
selectivity [17].

The filter designed for this experiment is shown in Fig.
5. It consists of two cylindrical cavities which are mag-
netically coupled through a hole in their common wall.
Input and output coupling for the filter is accomplished by
using probes which are located to excite and detect the
dominant TE,;, mode. By introducing a screw at a 45°
angle to the excited mode, each cavity will support two
independent modes with orthogonal polarizations. The
second mode is forced to resonate so that the electnic field
boundary condition on the conducting screw is met. The
degree of coupling between these orthogonal modes is de-
termined by the depth of the coupling screw. Two addi-
tional screws are used in each cavity to provide tning of
the resonant frequency of each mode. Each resonant mode
in the cavity represents an equivalent single tuned circuit.
Since each cavity resonates with two independently tun-
able modes, this filter may realize a four pole elliptic
function response.

The filter was constructed with brass and tuned to have
a center frequency of 9.78 GHz and a 3-dB bandwidth of
135 MHz. The maximum passband insertion loss was
measured to be 1 dB and the stopband attenuation at the
first harmonic to be rejected was approximately 30 dB. A
large spurious response was measured at 10.88 GHz. Cal-
culations have verified that this response corresponds 1o a
resonance of the TM,;, mode. The use of a cylindncal
cavity mode chart [18] shows that this is the first mode
that will resonate after the desired TE,;; mode.

The instantancous power spectrum of the switch output
and the coupled cavity filter output is shown in Fig. 6. It
was necessary to utilize a low-pass filter with a cutoff fre-
quency of 10.3 GHz to attenuate signals passed by the
spurious response.

Trve Low Noise MESFET AMPLIFIER

Since the level of the 9.78.-GHz component is - 50
dBm, amplification is necessary to detect the waveform
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with a conventional sampling oscilloscope. In the exper-
iment, a three-stage GaAs MESFET amplifier was used.
At 9.78 GHz the amplifier provides a power gain of 30
dB, a 1-dB compression point of +7 dBm, and a noise
figure of 2.2 dB. The 1-dB compression point can be im-
proved by adjusting the bias of the last stage. The ampli-
fier is broad-band, providing at least 20 dB of gain from
8.5t0 11.5 GHz. Isolators were used at the input and out-
put of the amplifier to minimize termination effects. The
sampling oscilloscope display of the 9.78-GHz CW signal
obtained is shown in Fig. 7. This waveform indicates that
the jitter of the microwave signal is very small.

FREQUENCY STABILITY CHARACTERIZATION

The 10-GHz signal generated by this technique must
satisfy general stability requirements so that it may be used
in the applications discussed in the introduction We may
apply classical frequency stability measurement tech-
niques {20] to obtain a quantitative measure of the sig-
nal’s short term stability. The short term stability is mosi
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Fig 7. Output of the GaAs MESFET amplifier when using both the cou-
pled cavity and low pass filiers Ventical scale: 10 mV /larger div, hor-
izontal scale: S0 ps /larger div.

understanding the validity of the RF spectrum method of
calculating the total ms jitter.

When the AM noise is negligible, the oscillator output
may be written in terms of an angle-modulated carrier

v(1) = Agcos (2xf.1 — (1)) (3)

where A, is the peak carmer amplitude, f, is the cammer
frequency, and @ (¢) is the instantaneous phase fluctua-
tion, sometimes referred to as phase noise. For most os-
cilfators, ®(r) is a combination of both discrete, deter-
ministic noise processes and continuous, random noise
processes. For sinusoidal modulation, the instantaneous
phase fluctuation is

1)(1) = URem Cos (21fm1) (4)

where u,, is the modulation index {or peak phase devia-
tion) and f,, is the frequency of the sinusoidal noise pro-
cess. Middleton [22) has derived the power spectral den-
sity for sinuscidal phase modulation as

2 a
Sir(f) = 3 Z, 3em) {81 = (e + 1]

Palah Al L4 .

S N

1
LELe,

easily evaluated by using the frequency domain descrip-
tion of the signal. This is done by representing the signal
output as a carrier modulated by AM and FM noise. The
discrete noise processes cause discrete spurious noise
sidebands while random noise processes create a contin-

+ 81 - (£ - pfw)]} (5)

where J, is the pth order Bessel function of the first kind.
The spectrum obtained for sinusoidal angle modulation at
a frequency f,, may be recognized as consisting of discrete

¥
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T

o,

- uous noise pedestal. For most oscillators, the AM noise  sidebands spaced at multiples of f,, about the carrier. The
::'_Jj sidebands are negligible in comparison to the FM side- power in the carrier and each of the sidebands is deter-
Y bands. This assumption may be validated by using a mined by the value of u,,. Since u,,, is the argument of
e square law detector and measuring the power translated the Bessel functions in this expression, angle modulation
I to baseband [21). We are particularly interested in cal- is a nonlinear process. The nonlinearity of the angle-
@ culating the rms time jitter by considering the FM noise.  modulation process may also be seen by computing the
S Extreme care must be exercised when calculating the power spectral density of a multitone angle-modulated
A total rms phase or timing jitter in an oscillator’s output carrier. When more than one sinusoid simultaneously an-
;"; signal. The most common method for determining the rms  gle-modulates a carrier, sidebands of different amplitudes
. jitter is to use the signal's RF power spectrum. Since there  are produced from the case of the superposition of sepa-
- are possible pitfalls in the use of this method, a thorough  rate sinusoidal modulation signals. Additional sidebands

; analysis of the power spectral density of an angle-modu- are also produced at offset frequencies corresponding to
-:,' lated carrier is provided. The RF power spectrum of a the beat frequencies of the modulating tones. To obtain
- carrier which is angle-modulated by both continuous and  the rms jitter of the signal, it is desired to compute
','f discrete signals is obtained by Middleton [22]. Applica- S,.(f), the baseband power spectral density of the mod-
o tion of Middleton’s results to noise in microwave trans-  ulating process. The nonlinear behavior of the angle mod-
% mitters is discussed by Ashley er al. [23]). The relation- ulation process creates difficulties in computing S,.(f)
|} ships given in these references are used as an aid in  from Sps( f).
.
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The computation of §,,(f) from Sgs(f) can be sim-
plihed when the modulation index is very small. The ap-
proximations

JO(“’M) = ]

HBem

'll(“wn) it 2

"2(“0/")- JJ(“om)- J‘(“Om) o=

are valid for u,, << 1. These approximations allow us
to treat angle modulation as a linear process when u,,, is
extremely small. For this case, the power spectral density
can be approximated as [23]
2 A2
Self) = 2o = 1) + LSunlF = £). (D)

(6)

Therefore, for small u,,. the power spectral density of an
angle-modulated carrier will consist of a discrete spike
representing the carrier along with §,,, ( f) which is trans-
lated from baseband to the carrier frequency f..

An HP 8566B Spectrum Analyzer was used to accu-
rately measure Sg-(f) for each of the spectral compo-
nents shown in Fig. 4. We found that (7) was valid for
computing S, (f) at frequencies as low as 30 Hz for the
spectral components between 1 and 4 GHz. To compute
the rms jitter, the single sideband phase noise spectral
density L(f) is used since it may be measured directly
with the spectrum analyzer. L( f) is defined as

Pnb(f)
L(f) P,
where P, (f) is the single sideband phase noise power
in a 1-Hz bandwidth at a frequency f offset from the car-
rier and P, is the carrier power. For the small modulation
index case, (6) and (7) may be used to obtain

L(f) = } Sen(f) = § 260,(f) (9)

where the mms phase deviation Af,,, is obtained from the
peak phase deviation p, .. The rms time jitter due to mod-
ulating noise at an offset frequency f,, can be written in
terms of the carrier and sideband signal powers measured

in a 1-Hz bandwidth as
L Pnb(fm)
xf. 2P,

In order to calculate the total rms jitter in the output
signal, it is helpful to consider the continuous noise ped-
estal as a Jarge number of sections of bandwidth By [21].
The small angle-modulation index approximation allows
each section to be treated as an equivalent noise source
with its mean frequency located -t the center of its noise
band. When the small modulation index approximation
holds, angle-modulation may be treated as a linear pro-
cess so that the principle of superposition may be applied.
This allows the computation of the total rms time jitter in

(8)

Bto(fn) = (10)
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the signal Ar,, by making a summation of the equiv-
alent noise sources on a power basis. The total rms time
jitter calculated over the sideband frequency span be-
tween f, and f is

)1
Alpy, = \L@ﬁ (At (£

For the continuous noise process case, this summation be-
comes an integral. The frequency span must be specified
when using this method for calculating the total timing
jitter, since the answer will depend on the amount of side-
band power included. In our measurements, the resolution
bandwidth and phase noise of the spectrum analyzer lim-
ited the lower frequency bound f, to 30 Hz. The upper
frequency bound f; was limited to approximately 5 kHz.

It is now possible to discuss results obtained for signals
produced by the optoelectronic source. The first measure-
ments made were used to check if (7) could be applied 10
the spectral components of the switch output. Using the
fact that the A1, is a constant for each spectral compo-
nent, the phase-noise to carrier power ratio for a given
sinusoidal component of the noise is given by

Plle) o o lampbrm(s)F (12)
where n is the harmonic number and f; is the fundamental
frequency (the pulse repetition rate). Phase-noise to car-
rier power ratio measurements were made for several har-
monics of the switch output spectrum at an offset fre-
quency of 150 Hz from the carrier. Fig. 8 shows these
results plotted on a log-log graph, compared to a line with
a slope of 2. The square-law dependence of the phase
noise power to carrier power ratio for a pulse train can be
shown by applying results obtained in [24] for pulse po-
sition modulation with a sinusoidal modulation signal.
The large deviation from the theory below 1 GHz pro-
vides evidence that a large amount of AM noise is present
on the output signal. The large amount of AM noise is
most likely due to the Dye laser jet. To decrease the
amount of AM noise, a compressed Nd: YAG laser such
as the type described in [25] should be used as the source
of the picosecond optical pulses. The compressed
Nd: YAG laser system also has better frequency stability
than a synchronously pumped Dye laser system because
there is only one laser contributing to the FM noise. Fur-
ther AM noise suppression may be obtained by apply-
ing AM stabilization (commercially available) to the
Nd: YAG laser.

The total rms time jitter may be computed despite the
presence of AM noise. Fig. 8 shows that for the harmon-
ics above 1 GHz, the phase noise dominates over the AM
noise. This allows us to use (11) to compute the total ms
time jitter of the source. Fig. 9 shows the close in phase
noise of the 9.78-GHz component as measured by the
spectrum analyzer. Note that there is a continuous noise
pedestal as well as discrete sidebands located at multiples
of the 60-Hz power line frequency. Both types of noise

(11)
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Fig 9. Power spectrum showing close-in phase noise of the 9.78-GHz
spectral component. Both continuous and discrete noise processes may
be measured.

processes contribute to the total rms time jitter and must
be computed separately. To compute the contribution of
jitter due to the continuous noise pedestal, the phase noise
to carrier power ratio was measured for several offset fre-
qucnmes and plotted for the 4-GHz spectral componcnt as
shown in Fig. 10. The data seems to follow a 1 /f?and a
1/f? dependence as indicated by the lines drawn through
the data. This data was integrated with f, = 30 Hz and f,
= 5 kHz to obtain a value of A, of 1.81 ps. As a check
on the validity of the small modulation index approxi-
mation, Hewlett Packard [19] suggests using a 10-
dB /decade line with a y-axis intercept of —30 dB as
shown above the data points in Fig. 10. The small mod-
ulation index approximation is valid for measured phase
noise 1o carrier power ratio data below this line as it in-
dicates a maximum peak phase deviation 0.2 rad when
integrated over any one decade of frequency. The contn-
bution from the deterministic noise processes was com-
puted to be 3.03 ps giving a total rms time jitter of 3.53
ps for a CW signal produced by any of the spectral com-
ponents. Most of these discrete noise processes could be

detected at the output of the RF source driving the
Nd: YAG mode-locker unit. These undesired spunous re-
sponses may be reduced by utilizing a more stable RF
source for the mode-locker. The total mms time jitter could
not be computed accurately at 9.78 GHz because the phase
noise data plotted above the validity line as suggested by
HP.

Kolner er al. [25) have measured the rms timing jitter
of a mode-locked and compressed Nd: YAG laser by uti-
lizing an electrooptic sampling technique. They have cal-
culated an upper limit of 11 ps rms jitter for fluctuation
frequencies above 10 Hz. Currently the most effective
method of decreasing the time fluctuations in the output
of a mode-locked laser is phase locking the output of the
laser to the reference RF source drivirg the mode-locker
unit. Rodwell er al. [26] have reduced the total time fluc-
tuations of a compressed mode-locked Nd: YAG laser
from 2.9 t0 0.9 ps mms with this method.

CoNCLUSION

We have described a new technique of producing CW
microwave signals which are phase coherent to a mode-
locked laser source. Extensive measurements have been
made to calculate the frequency stability of the CW signal
generated. The total rms time jitter of the 10-GHz signal
produced in our experiment is approximately 3.53 ps. This
number has been computed by the RF spectrum method
from the sideband phase noise power between 30 Hz and
5 kHz. Methods of improving both the AM noise fluctua-
tions and the rms timing jitter have been discussed. It is
presently assumed that the jitter in the microwave CW
signals generated by this technique is mainly due to laser
jitter. We are currently working on a technique that will
allow us to measure the small amount of additional jitter
contributed by the switch. Stabilization of the YAG laser
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Fig 10 Single sideband phase noise spectral density for the 4-GHz spec-
tral component Discrete noise data is not included

using a phase locked loop may be necessary for more
comprehensive notse evaluations and certain applications.
Higher output power can be obtained by using photo-
conductor arrays or higher gain amplifiers. Matenials with
faster switching speeds than Cr:GaAs may also be used,
enabling higher power to be obtained at frequencies in the
millimeter-wave band. The width of the photoconductive
switch gap may be increased to allow for larger bias volt-
ages and increased power handling capabilities. Although
10-GHz operation has been reported here, a 100-GHz
source is feasible, as a femtosecond laser and photocon-
ductors with picosecond carrier lifetime are currently
available. The filtering operation becomes more demand-
ing at the higher frequencies. It is therefore desirable to
increase the effective repetition rate of the laser. This can
be done by using optical or electrical delays. With the
optical technique, the repetition rate can be multiplied by
8 or 16 without difficulty (12]. The integrated filter cur-
rently being studied will be necessary for higher fre-
quency operation. The ultimate goal is to integrate the
laser, photoconductive switch, filter, and amplifier. This
will result in a compact, robust, high performance system
which can be employed for many high frequency sources,
high speed data processing, and antenna applications.
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Fe:InGaAs Picosecond Optoelectronic Switches
E. A. Chauchard and Chi H. lee
Electrical Engineering Department
University of Maryland

College Park, Maryland 20742

V. Diadiuk and G. W. Turner
Massachusetts Institute of Technology - Lincoln lLaboratory

Lexington, Massachusetts 02173-9973

ABSTRACT
The different phenomena which contribute to the time response of Fe:InGaAs
photoconductive switches were studied with picosecond resolution. Electrode
fabrication process can modify drastically the device performance. Screening of

the applied electric field by the photogenerated carriers was found to be very

large.
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Since the discovery of picosecond photoconductivity , optoelectronic
switches made of a variety of materials have been studiedl. A great number of
applications have already been recognized and many new techniques depend on the
availability of ultrafast (picosecond) devices. The switches studied in this
work are Fe doped InGaAs grown on InP substrates. The semi-insulating character
of the Fe:InGaAs epilayer makes it a very attractive material for fabrication of

2 This material also

integrated devices such as PIN photodetectors and FET.
exhibits a very high mwobility (10000 cmz/Vs) and a light sensitivity extending
up to 1.65 ym. The fabrication of a switch by deposition of metallic electrodes
allows us to assess the switch characteristics as well as to test the material
optical properties for other applications. Studying the speed of a device often
reveals several phenomena which can appear as distinct time constants in the
observed time waveform. The attribution of each of these different time con-
stante to a particular cause is difficult and often inaccurate. The phenomena
contributing to the device speed can be classified into two main categories:
carrier reconbination times (bulk recombination, surface recombination, Auger

recombination, etc.) and effects related to the applied electric field (carrier

sweep-out). In addition, two other effects can contribute to the observed time
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waveform: contact fabrication which plays a role because of the formation of a
Schottky barrier at the metal-semiconductor interface and optical intensity
which can saturate the switch and lead to slower response times.

This paper presents a study of the effect of the applied electric field on
the speed of different devices. We point out the distinction between the carrier
recombination time, the carrier sweep-out effect due to the field~-induced move-
ment of the carriers and the effects due to Schottky barriers at the electrodes.
This last effect was investigated by comparing the responses of switches made of
the same material but with different electrode fabrication techniques. Two types
of contacts were used: e-beam evaporated gold which was not alloyed, and e-beac
evaporated NiGeAu which was alloyed for 20 sec. at 420 °C. Table ] summarizes
the characteristics of the switches, 7Two different gap geometries-straight gap
and interdigitated- were also compared. The light source used in this work was
a CW mode-locked dye laser synchronously pumped by Nd:YAG laser, producing 3 ps
pulses at a repetition rate of 100 MHz. The observations were made with a
Tektronix sazpling scope. Fig. 1 shows some examples of waveforms observed for

switch #3.

Switch response time was studied for an applied voltage varying between
0.2 V and 10 V. The output waveforms were analysed by digitizing by computer and
displaying on a semi-logarithmic scale. It could then be noticed that the wave-
form decay was of single or double exponential shape. The decay time constants
were determined by fitting one or two straight lines to the display. Figure 2 a
and b are plots of the observed decay time-constants for switches with gold and
alloyed electrodes respectively. When two components of the time constant could
be resolved on the oscilloscope trace, the slower component was represented on
Figure 2 by a solid line,.uhile the faster component was represented by a dotted

line. 1t can be seen that the slower component of the switches with gold
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electrodes varied drastically with applied bias voltage. This strong effect was
not observed with any of the alloyed electrode switches (for clarity, only three
sets of data were plotted although a greater nunber of devices were studied). We
interpret this fact as follows. The non-alloyed electrodes create a potential
barrier at the metal-semiconductor interface where the photogenerated carriers
can be trapped. Increasing the electric field lowers the barrier and allows the
carriers to flow, increasing the speed of the device. For the switches with
alloyed electrodes, the barrier is much lower 6o the device is faster and there
is little effect of the applied field. For one of the alloyed electrodes
switches (#5), a slight dependence of the slower decay time constant on the bias
voltage {s visible. This may be due to an unsuccessful step in the alloying
process for this particular device. The results of Fig. 2 show that in order to
obtain a fast device even at low bias voltage, alloyed electrodes are required.
The faster component of the decay probably reflects the actual carrier
reconbination time of the material, although this cannot be assured for the
following reason, When a voltage is applied across the gap, the electric field
sweeps out the carriers, increasing the speed of the device3’4. When determined
by sweep-out, the device response time is expected to vary linearly with the
applied field. However, the results of Fig. 2 show that the decay time of these
switches does not decrease further than 150 ps. The gap capacitance is too small
to explain this value. This effect could be due to the fact that the carrier
wobility saturates at high fields, so a saturated value of velocity should be
expected. However, if one makes the simple assumptions that the device response

time corresponds to the time needed by the carriers to cross the gap and that

the electric field in the gap equals the bias voltage divided by the gap length,

the reported mobility datas yield a device response time much faster than the
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10 V bias in the 3 ym switch (#3), the device response time leads to a carrier

velocity of 12 x 105

cm/s, corresponding to an effective field 270 times smaller
than the field expected from the applied voltage. Thus, screening of the field
by the photogenerated carriers6 seems to be very important at this relatively
high injection level. The existence of trap states in the material, which could
be responsible of a long component in the device response, has been tested by
i1luminating the device with an HeNe laser beam in addition to the picosecond
dye laser pulses. No change was observed in the time response of the devices,
implying that significant density of traps is not present.

The switch response time was also a function of the intensity of the {1]lu-
wination. As the light intensity was increased, the device response became
slower and the output pulse exhibited a flat top. This saturation phenomenan
has been explained in ref. 7. At low light level, the devices were in general
slightly faster than shown on Fig. 2. This shows that the effective electric
field in the gap was slightly higher since less photogenerated carriers provide
less screening of the applied field. Little differences were observed in the
t ime responses of the straight gap switches and the interdigitated switches.

The study of a nunber Fe:InGaAs switches with different design parameters
(gap size and geometry, electrode fabrication process) by varying the applied
electric field and light intensity led to the observation of several distinct
phenomena which contribute to the time response of the device. In particular,
electrode fabrication process can modify drastically the switch performance.
Gold electrodes deposited on the surface were found to increase the response
time, particularly at low bias voltages. Alloyed NiGeAu electrodes are more
suitable for obtaining faster devices. The screening of the field by the

carriers can be estimated by the method presented here and was found to decrease

the effective field in the switch by a very large factor.
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FIGURE CAPTIONS

Fig. 1. Waveform observed for switch #3 biased at different voltages.,

a: 10V, b: 7V, e: 4V, d: 2V, e: 1V, f: 0.2 V.

Fig. 2. Decay time constants versus blas voltage for Fe:InGaAs switches with:
(a) gold contacts, (b) NiGeAu alloyed contacts. Points joint with
so0lid or dotted lines represent, respectively, the slowest and fastest
component of the decay.

(a): 0O : switch #1, b : switch #2, 0 : switch #3.

(b): o : switch #4, & : switch #5, 0 : switch #6.
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Table 1, Description of devices

Switch Material Gap Gap Electrode
{ Size Geometry Type
(1m)

1 Fe: InGaAs 20 straight Au

2 Fe: InGaAs 10 straight Au

3 Fe: InGaAs 3 straight Au

4 Fe: InGaAs 10 straight NiGeAu

5 Fe: InGaAs 6 fingers NiGeAu

6 Fe:InGaAs 5 straight NiGeAu
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Generation of Kflowatt/Kilovolt Brosdband
Micowave Bursts with a Single Picosecond
Photoconductive Switch

Hrayr A. Sayadian, M.C. Li, and Chi H. Lee
Department of Electrical Engineering
University of Maryland
College Park, Maryland 20742
301-454-6B32, 6852

ABSTRACT

A single picosecond CaAs photoconductive
switch 1s used to pulse excite s microwave reso-
sant cevity, genersting various sicrovave wave~
forms. The generation of over 7 kW, with peak to
pesk voltage over 1.2 kV, of broadband microwave
bursts i{s demonstrated.

INTRODUCTION

In the last fev years, there has been s great
interest in the generstion of coherent microwave
pulses using ultrashort optical pulses (1-4).
These technigques use optical pulses to trigger
photoconductive switches, thus allowing picosecond
synchronfzation of the generated microvave pulses.
NBowever, dravbacks of the exported methods are 1)
the low voltage and power outputs (},2), and 1i)
the large number of photoconductive switches to be
triggered (3,4). Earlier we demonstrated conver-
sion of DC energy to single frequency RF energy,
slbeit st low voltage and power, using s single
svitch and 8 coaxial resonant cavity (S). 1In this
paper we shouw the versatility of this technique.
Among the different waveforss generated, we have
produced over 7 kilowatts of brosdband, single
cycle, microwsve pulses of peak to pesk voltage of
over ].2 kV with over 502 energy conversion
efficlency.

EXPERIMENTAL SYSTEM

Schematic of the experiments] arrsgement is
shown in Pig. 1. Coaxial slotted lines were used
88 quarter wave resonant cevities. Specifically,
8 25 c» long HP slotted line cevity, resonating at
300 Mz, and 9 c» long homemade cavity, resonsting
at | Ce, were used. These resonanant frequencies
are for high Q operstion of the cavities. #an
asctive-passive sode-locked Wd:YAC laser 1s used to
generate ~ ] aJ of 1.06 w» redistion, of )00 pico-
second pulsevidth, with repetition rate of | W,
to trigger the GaAs switch. The performance of
CaAs switches were tested, under DC bias of up to
4 YV, with ).06 @ pulees for several thoussnd
consecutive shots without any observeble degrada-
tion in performance.

Activeting the CaAs switch by the optical pulse
generates 8 rectangulsr electric pulse of at most

0149.645X.37/0000-0649501 00 € 1987 IEEE
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half the DC charged voltage. The electric pulse
excites the resonant cavity through coupling ele-
ment Aj. Ooupling element A; sllows the extrac-
tion of the generated microvaves frow the excited
cavity, to be observed by a | ns risetime storage
scope. Two fmportant and useful parameters that
control the waveform, and hence the frequency
distribution, of the generated microwaves are 1)
strength of the coupling provided by A, and

Ay, end 11) length of the coaxfal line C,
connecting the GaAs switch to A;.

In Pig. 2 we shovw & typical electric pulse
(*1.25 kV {in magnitude and 2 ns in duration) used
to excite the covities. The width of the pulse s
determined by the length of the charged coaxial
line C;j. The rise time {s determined by that of
the optical trigger pulse.

RESULTS

In Fig. 3 we show the effects of coupling (A
and Ay) anéd the length of C;. The generated wave-
forms using the 300 MHz cavity, is due to “strong”
couplings st A] and Ay. A strong coupling is
obtained by directly connecting the center wire of
sn input/output coaxial line to the center wire of
the coaxial resonant cavity. The generated wave-
fors can be explained as follows; some of the
incident voltage pulse on A, excites the cavity,
while sowme s reflected with a change in sign
(since the effective fmpedance of A; 1s less than
the characteristic fupedance of Cz)- The
reflected pulse suffers an open circuit reflection
st the switch (thus keeping the same sign) and s
incident on A; repeating the sbove process. The
ratio of the magnitudes of successive pulses is
constent, and depends on the coupling strength.
The time between successive pulse excitations is
given by twice the travel] time 4in the length of C;

(20 as round trip time in this case). Note that
the firet cycle has s pesk to beak voltage of

®#],2 &V, and that the peak power is over 7 kWattes.
The energy conversion efficiency, including all the
reflected pulses, 1s over 502.

In Pig. & we show the effect of changing the
couplings and the length of C3. Intermediate
connection for Az) 1s used to excite the ] CHz
cavity, together with s 3 ms (doudble travel time)
long C3. Mote the relatively larger voltages of
the reflected pulses due to the weak coupling st
Ay

1987 IEEE MTT-S Digest
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In Fig. 5 we show the waveform generated by
the ] GHz cavity with stong couplings and with a
0.5 ns (double travel time) long C;. Note that
the width of the generated single cycle pulse is
larger than the period of the resonance frequency.
There are several reasons for this, the wmost
{maportent of which are; {) the nonzero (0.5 ns)
time shift between the (successive) added
sicrowave pulses, 11) the loading of the cavity,
snd 1§1) the finite risetime of the scope. The
vavefora generated by the 300 MHz cavity with
strong couplings and with a 0.5 ns long Cy is
shown in Fig. 6.

Finally, a relatively high Q factor s
obtsined for the cavity when the coupling is weak
(loop antennae for A; and A;). In this case the
triggered electrical pulse excites the cavity at
its resonant frequency through A}, while Aj
allowes the extraction of the generated narrow
band microwaves. In Fig. 7 we show the observed
vaveform for the ) GHz cavity when C; is =5 ns
long. Note that over 100 aw of 1 GHz RF is
generated, with an estimated bandwidth of less
than J0 MHz. The modulated envelope is due to
beating between the cavity resonant frequency and
the length of C;. The nonzero dip of the envelope
i1s caused by the relatively long lifetime of the
switch (few ns) when excited by a 1.06um trigger
pulse. This “smears” the effective length of C;
and hence affects the beating with the cavity
resonance frequency. Indeed we have observed a
tero dip in the envelope when a short lifetime
switch is used (e.g. OCr doped GaAs or 0.53um
trigger pulse.). Unfortunately the use of 0.53um
to trigger high voltage pulses i{s not practical
(6).

The use of spectrum analysers, to examine the
frequency distribution of the high voltage high
power microwave bursts (Figs. 3-6), is not
feasable due to the gshort duration of the bursts
and thefr low repitition rate. However, more than
qualitative information can be obtained by theore-
tical methods (7). The calculated frequency
distribution of the power in single cycle (with
positive sand negative parts, as in Figs. 5,6)
electrical pulses, with a period of 7, shows that
the main lobe extends up to 2/t. The significance
of this is evident once one realizes that, similar
calculations for one sided electrical pulses (as
{n Fig. 2) show that the main lobe extends up to
1/1 only. The frequency distribution for the
waveforms in Figs. 3,4 1s given by that for s
single pulse divided by {lolz-Zn cos(ZIft,)]
wvhere & is negative of the ratio of magnitudes of
successive pulses (this depends on the coupling
strength) and t, s the separation between sec-
cessive pulses (round trip length of Cy).

CONCLUSION

We have shown the versatility of microvwave
generstion, through the excitation of s resonant
cevity with o single high voltage pulse, triggered
by & photoconductive switch., The high power
sicrovave bursts generated may find important
epplications in high resolution phased array radar
operstion.
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ey ! Fig. 1 Schematic of the experimental arrangement. S {s CaAs photoconduc~
I \V tive switch, A} and A, are input /output cavity coupling elements.

5 C, and C; are coaxial cables. The resistance (R) and inductance (L)
D) ! provide isclation between the DC power supply and the charged line
Cy.
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| conductive switch, used to excite the cavities.
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Fig. & Microwave pulse generated using the 1 CHz
cavity vith {ntermediste coupling and 5 ns
long C2 .

Fig.5 Microwave pulse generated using the 1 GHz
cavity with strong coupling and 0.5 ns
long C,.

Fig. 6 Microwave pulse generated using the 300
MHz cavity with strong coupling and 0.5 ns
long C,.

Pig. 7 Microwvave generation using the 1 Gz
cavity with wcak coupling and 5 ns long

ci‘( 2v / vert. div. , 10 ns / hor. div. )
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